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Abstract 
The retina is responsible for encoding different aspects of the visual world. Light 
enters the eyes and is converted by the photoreceptors into electrochemical signals. These 
signals are processed by the retinal network and proceed afferently to the brain via the 
axons of the retinal ganglion cells (RGCs). The RGCs outputs are in the form of action 
potentials (spikes), which encrypt the visual information in terms of spike shape, firing 
frequencies, and the firing patterns. When the photoreceptors are gone due to disease, 
vision is lost. The idea of a retinal prosthesis is to activate the surviving RGCs by electrical 
stimulation in order to recreate vision. In this thesis, I have studied the physiological 
properties of the RGCs, and reconstructed natural RGC spike trains by electrical stimulation. 
Chapter 1 introduces the anatomy of the retina and the retinal neurons. How the 
RGCs respond to light. Electrical stimulation is also discussed . A brief historical summary of 
the receptive field properties and cell physiology is also presented. 
Chapter 2 characterizes the intrinsic properties of 16 morphologically defined types 
of rat RGCs. The intrinsic properties include the biophys ical properties due to morphology 
and dendritic stratification, in addition to physiological properties such as firing behaviours. 
These properties are also compared with the cat RGC intrinsic properties in order to 
investigate the variations between the morphologically similar RGCs of the two species. 
The results suggest that the RGCs among species, even with similar morphologies, do not 
have conservative intrinsic properties. 
Chapter 3 examines the details of the spiking properties of the different rat RGC 
types. Spikes are initia ted at the axonal initial segment. A 'single' spike recorded at the 
soma consists of an axon al spike and a somatic spike. The existence of the two spikes can 
be recognized by two humps in the phase plot, and further revealed in the higher 
derivatives of the membrane potential. A principal component analysis shows that the 
parameters extracted from the phase plots are very useful for a model-independent rat 
RGC classification. 
Chapter 4 establishes the foundations for electrical stimulation of the retina. The 
question is to what extent optimum placement of the stimulating and reference electrodes 
might be affected by anatomical location. Here we placed the stimulating electrode above 
or below the retinal inner limiting membrane and found no statistical difference between 
the thresholds. In addition, reflective axonal spikes from the cut end are discussed . 
. . 
Xll 
Chapter 5 combines the knowledge obtained in the previous chapters for the sole 
purpose of reproducing natural RGC outputs when using electrical stimulation. The light 
responses of the eye under saccadic movements were recorded and used to form the 
stimulus patterns . The reconstructions were performed on the brisk-transient (BT) and the 
brisk-sustained (BS) RGCs. Our results suggested that BT RGCs are more capable of 
following the stimulus patterns over a wide range of frequencies than the BS RGCs. 
Chapter 6 concludes the whole thesis. 
Keywords: 
Retina, retinal ganglion cell, retinal prosthesis, bionic eye, electrical stimulation, intrinsic 
property, phase plot, receptive field, brisk-transient, brisk-sustained 
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As you read this sentence, each word is approximately positioned at the centre of your 
visual field. You will be aware that there are also words at the bottom of the page, but you will 
not be able to tell what they mean. The inability to recognize the words at the bottom, while 
looking at the top of the page occurs because visual acuity diminishes greatly from the centre 
of your visual field to the periphery (Figure 1.1). This is also why we turn our eyes directly 
towards objects or events that come to our attention. This primary line of sight, the direction 
where visual acuity is maximal, intersects the retina at an anatomical arrangement called the 
fovea. The visual information transduced at the fovea is of primary importance in humans. 
The sensory experience of it is termed foveal vision, whereas for retinal regions outside the 
fovea, is ca I led peripheral vision. 
' fixation point 
Around the fixation point only for to five letters are seen wi th 100% acuity. 
- - - - .=. - -- - -- ' four - ~. - ~ -~ ~ - -::. - -
- - - ~ -- - - - - - /S - .l.~ ~=::::-:=-===:::::- ....... - ~:= __ _ 
----~---75% 1 00% 75% 45% 
Acuity 
Figure 1.1 An example of the visual acuity of foveal vision in reading. Focus at the fixation point of the word 'four' 
in the upper line, and try to read the words away from it. The level of difficulty to recognize the words increases as 
visual acuity decreases (Hunziker, 2007). The progressive blurriness of the sentence imit9tes the fade out of visual 
acuity. Reproduced with permission. 
As you keep reading, you are probably keeping your head stable while glancing at 
successive parts of each sentence, one block of words after another. During normal reading 
you might not be aware of the quasi-automatic jump-like movement of your eyes from place to 
place. Your eyes scan the line of text by a sequence of fast eye rotations called saccades, 
followed by longer intervals ca I led a fixation pa use. Th is sequence is repeated a bout three 
times per second along each line of text, for review see (Awater & Lappe, 2004). During each 
pause there are tiny, slow drifts of the primary line of sight in various directions followed by 
corrective micro-saccades, for reviews see (Hoffman & Subramaniam, 1995; Martinez-Conde, 
Macknik, & Hubel, 2004), that keep the fovea pointed within a tiny patch of the external visual 
field. Fixation pauses are the intervals when retinal ganglion cells (RGCs, see sect ion 1.3 for 
details) are able to supply stable data to the higher visual centres. During each fast saccade, 
the retinal motion causes strong blurring of the signals transduced by the photoreceptors (see 
section 1.3 for details) because of their limited temporal bandwidth (Tatler, O'Carroll , & 
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Laughlin, 2000). The saccades serve to reposition the fovea to capture a stable image of the 
next packet of the scene. A more speculative idea is that the saccade (and coordinated higher 
circuitry) defines an interval during which successive stable 'snap-shots' can be patched 
together at higher cortical centres, so that an unmoving representation of the external world 
can be synthesized (Crespi et al., 2011; Turi & Burr, 2012). It is a remarkable observation that 
the external world does not appear to move, despite the sudden jerking of the retina during a 
saccade. This is also true for persons who display constant nystagmus (voluntary or 
involuntary eye movement) or oscillopsia (an effect experienced by patient in which visual 
objects seem to oscillate) up to quite high rates (Tkalcevic & Abel, 2005). Saccades allow us to 
be responsive to the changes in the surroundings. The persistent quasi-voluntary repetition of 
the sequence, fast saccade followed by fixation pause, is a repeated process in which the visual 
scene is progressively explored. 'Quasi-voluntary' could be used as a qualifier of the process of 
repetition , for two reasons. Sometimes, the next saccade is launched automatically in the 
brain to refresh a fading part of the current map of the external scene (e.g. like the sequencer 
of dynamic memory chips in a computer) . At other times, the next saccade may be launched 
from peripheral retina when some new event disturbs the ongoing activity of a group of RGCs. 
In this case, the role of the saccade is to foveate the event for immediate refilling of the 
internal 'processing pipeline' for that part of the internal representation . Once novelty is 
detected, your head and your eyes will be repositioned, so that the fovea will be centred to the 
scene of interest. Being able to respond with saccades has su rviva I value. 
The visual process begins when images, in the form of patterns of light, are projected 
onto the retina. The photoreceptor layer transduces the visual information from light to 
graded (non-impulsive) electrical activity. Complex interactions between the neurons of the 
retinal networks filter and gate these electrical signals, eventually delivering the output to the 
array of the RGCs. In this output layer, the RGCs produce trains of full-sized, 'all-or-none' nerve 
impulses. A neuron, when excited by a stimulus that exceeds threshold, will either produce an 
nerve impulse with maximum magnitude (all), or does not produce any at all (none). These 
nerve impulses are also known as action potentials or spikes. They propagate rapidly to 
various destinations in the visual centres of the brain . In these locations, further neural 
processing is no longer constrained by the physical dimensions and other limitations of the eye 
and retina. The spike trains of different classes of RGCs represent different aspects of visual 
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information (form, color, motion, etc.) in a digitized format are directed to different parts of 
the brain for interaction and integration with recent history of input to construct a basis for 
visual reflex actions and visual perception, for review see (Wassle, 2004). 
Individual spikes in retinal ganglion cells have previously been evoked by electrical 
stimulation of the retina ((rapper & Noell, 1963; Granit, 1946; Taira, lmazawa, & Motokawa, 
1965). Despite the radical differences in the spike generation mechanisms between visually 
and electrically evoked impulses, they are individually indistinguishable when received by the 
higher visual centres of the brain. Before we ask if the brain can interpret the incoming 
electrically evoked spikes as vision, we need to know if we can electrically stimulate the retinal 
neurons to reproduce the spike patterns as they occur in normal vision. Is the capability of 
spiking by electrical stimulation limited by the physiological characteristics of the RGCs? These 
questions are critical to developing any retinal visual prosthesis that uses electrical stimulation, 
and so are central to this thesis . 
Under ordinary viewing conditions, there are at least two features of the RGC 
behaviour that should be considered. The first is that in the absence of visual stimulation, 
most RGCs have an ongoing (i.e. maintained) discharge that is inherently f-rregular in the timing 
of the i m p u Is es ( Ku ffl e r, 19 5 3 ) . The sec on d poi n t is the o b s e rv at ion that vis u a 11 y a p p rec i a b I e 
responses are spread out in time regardless of how brief the evoking stimulus is made (Levick 
& Zacks, 1970) . These observations imply that an individual impulse, on its own, contributes 
very little to the perceptual experience of vision . Therefore it is necessary to determine 
whether electrical stimulation can be applied so as to emulate the pattern of many impulses as 
observed in the natural vision process . Finally, when an electrical stimulation is appl ied , a 
population of neurons are stimulated instead of only one . The overall product ion of the 
nonphys iologically elicited spike patterns can be very complicated . For example, activating 
both the ON and OFF RGCs (see sect ion 1.4 for details) by the same electr ical st imulation at the 
same location does not make sense perceptually and may not pass possib le input fi lters in the 
brain. 
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1.1 Vision and Blindness 
Vision is a very important component for survival in most animal species. Different 
visual systems have evolved to assist in the survival of these visual species. The capacity to 
survive increases if we are able to detect predators when they approach, and also to find a way 
to escape, to identify specific objects that are recognizable as food, and to provide the ability 
to estimate the position and distance of objects in our surroundings. While the other senses 
can play useful roles in these tasks, vision provides remarkable telemetry of distant terrain in 
the external world. This constitutes a valuable early warning advantage in these tasks and 
requirements, which give us ari improved chance of survival under natural selection. 
Humans appreciate the gift of being able to see for many reasons: they appreciate 
seeing the faces of their families, and having the ability to admire the world around them. 
Conversely, loss of vision is socially and psychologically devastating (Access-Economics, 2004) . 
In a simplified view, the overall process of vision can be conveniently partitioned into 
two successive stages: a sensory input stage in the eye together with its retina and a perceptual 
constructive stage that occurs in the brain. The initial pre-processing stage is responsible for 
continuous capture of a rich video stream from the external visual scene and performing 
preliminary transformations of intensity, space and time to compress the multi -channel signal 
stream into a narrow multiplexed digital communication channel to the brain. The post-
processing stage in the brain engages the visual stream with other sensory streams and 
available memory in a pipelined history of the immediate present to provide the basis for a 
perceptually constructed world around us. Seeing allows us to recognize the position, motion, 
form, color and distance of objects in our visual field . Perception interprets what we see and 
converts it into tokens defining options for action. 
According to the World Health Organization (WHO, 2012), among the 285 million 
visually impaired people worldwide, 121 million could restore their vision to normal with 
eyeglasses, contact lens or re.fractive surgery. There are 39 million people considered as totally 
bl ind due to various problems, such as physical eye damage and retinal diseases. At least 50% 
of all blindness is due to age-related retinal diseases. One of the most common retinal 
diseases that causes progressive loss of photoreceptors and lead to blindness is retinitis 
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pigmentosa (RP). Once the photoreceptors are gone, the retina is de-afferented and vision is 
lost. The loss of photoreceptors will also trigger remodeling in the retinal network: changes in 
neuronal structure and large-scale reorganization (Marc, Jones, Watt, & Strettoi, 2003). 
Postmortem morphometric analysis of retina of RP patients showed that approximately 30% 
RGCs might survive (Humayun et al., 1999; Santos et al., 1997; J. L. Stone, Barlow, Humayun, de 
Juan, & Milam, 1992). Prospects for artificially restoring vision clearly depend on the level at 
which the vision mechanism has been damaged. Nevertheless it is clear that RP patients might 
be good candidates for a retinal visual prosthesis given the survival of at least some RGCs. By 
contrast, in glaucoma it is the RGCs that die, leaving no means of communication between eye 
and brain. Along with glaucoma, macular degeneration and diabetic retinopathy are the 
leading causes of blindness world-wide (Quigley & Broman, 2006). These diseases often have a 
destructive neovascular component or the development of an atrophic retina, probably also 
ruling out retinal prostheses. Overall, it is essential to understand the physical structure and 
the physiological properties of the elements involved in the processing of visual input before 
we consider vision restoration with technology. 
1.2 Retina 
The retinas are embryologically constructed as extensions ·Of the brain, for review see 
(Dowling, 1987). They are the most accessible part of the brain that can be directly inspected 
with an ophthalmoscope (invented by Helmholtz in 1856). Evolution might have crafted 
different types of eyes, but the main purpose of eyes remains the same. That is, to collect 
visual information from the outside world and transfer it to the brain . A diagram showing the 
structure of the mammalian eye is shown in Figure 1.2A. 
Light-rays from the external field-of-view enter the eye through the cornea, the 
opening (pupil) in the iris and the biological lens. The aspheric surfaces (cornea, lens) focus the 
image on a (conceptual) hemispherical shell coextensive with the photoreceptor layer. The 
main effect of the pupil is to control aberrations in the image due to residual imperfections in 
the four refracting surfaces. Its light-controlling capability (about 25-fold) is miniscule 
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compared with the effective sensitivity control within the retina (100,000-fold) provided mainly 
by the photoreceptors (Lamb, Collin, & Pugh, 2007). 
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Figure 1.2 Diagrams of organization of a mammalian eye. A) Physical structure of the eye. B) The retinal 
organization. Reproduced with permission. 
Source: http ://webvision. med . uta h .ed u/book/pa rt-i-foundations/sim pie-anatomy-of-the-ret ina/ . 
The retina is the th in piece of tissue, spanning the interior surface of the eyeba II as 
shown in Figure 1.2A. It is sometimes described as a simple anatomical structure with a 
complex interconnection pattern. The word 'simple' here implies the packing of cell -bodies 
into only 3 main cascaded cellular layers : the ganglion cell layer {GCL}, the Inner nuclear layer 
{INL) and the outer nuclear layer {ONL} {Figure 1.28}, for reviews see {Dowling, 1987; Rodieck, 
1998}, far simpler than the complex organ ization of the brain. The 'simplicity ' is deceptive : 
there are many d ifferent types of cell intermingled in each layer. The interconnections of cells 
occur by a dense network of fine processes extending from the cell bodies into the two 
'synaptic affil iation ' layers : the inner plexiform layer {IPL} and the outer plexiform layer (OPL}, 
between the three cellular layers as shown in Figure 1.28. The physical connections, known as 
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synapses, are miniature, specialized, close appositions between partnering processes. They are 
much more numerous than the neurons they interconnect (Jakobs, Koizumi, & Masland, 2008). 
These anatomically 'simple' arrangements of neurons and synapses form a very complex 
network to pre-process visual information entering the brain that later constructs the 
experience of visual perception. More detail on the assorted cell types in the retina is given in 
Section 1.3 below. 
Vertical sections of the retina show retinal neurons in more detail as in Figure 1.3, the 
schematic drawing by Santiago Ramon y Cajal at around 1900 (left) compared to a rat retina 
slice (right). 
Light 
ONtl 
OPL 
INL 
!IPL 
GCL 
~ 
Ught 
Figure 1.3 Anatomy of retinal neurons and layers. The schematic drawing (left) by Santiago Ramon y Cajal circa 
1900 compared with a rat retina slice (right) showing: Photoreceptors (rods and cones) in the outer nuclear layer 
{ONL) make connections with horizontal cells {HCs) and bipolar cells {BCs) in the outer plexiform layer (OPL). The 
BCs, amacrine cell {ACs) and retinal ganglion cells {RGCs or GCs) make connections in the inner plexiform layer {IPL). 
The HCs, BCs and ACs are in the inner nuclear layer {INL). RGCs and some displaced ACs are in the ganglion cell layer 
{GCL). Reproduced with permission. · Source: http://www2.fz-jue1ich.de/isb/isb-1//Retina 
The thickness of the rat retinas is about 220 µm. For cats and humans, it is about 250 
µm and 500 µm respectively {Buttery, Hinrichsen, Weller, & Haight, 1991). In this simplified 
exposition of retina, photoreceptors are treated as neurons because of the emphasis on their 
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synaptic connections with the extensions of other neurons (bipolar cells and horizontal cells) in 
the OPL. In the context of visual transduction, it may be more appropriate to acknowledge 
their differences from neurons. 
The axons of the RGCs comprise the optic nerve, which outputs the visual information 
processed by the retina to the brain. The amacrine cells have dendrites but usually no 
identifiable axon. Their dendrites make connections with the RGCs, the bipolar cells and the 
other amacrine cells in the IPL. Although the functions of most of the amacrine cell types 
remain uncertain, it is now known that the 'starburst amacrines' play a key role in the 
generation of directional motion sensitivity. Only the RGCs and a small subset of the amacrine 
cells that have been studied can generate spikes (Murakami & Shimada, 1977; Taylor, 1996). 
The complete dendritic fields cannot be shown in a retinal slice because the size of the 
fields is usually greater than the section thicknesses, so dendritic trees are invariably clipped 
off by the slicing. Entire dendritic fields can be revealed in a whole-mount preparation if 
suitable stains or dyes are used (Jensen, 1991; Masland, 2001a; Sun, Li, & He, 2002). Whole-
cell patch clamping of retinal neurons can be made to reveal the cell morphology and also 
record the response of the neurons in the retina (Robinson & Chalupa, 1997; Taylor & Wassle, 
1995). The patch-clamp technique was developed by Neher and Sakmann to study the 
electrophysiology of cells (Hamill, Marty, Neher, Sakmann, & Sigworth, 1981). The view of the 
whole-mount retinal preparation, including the topographic location of the neuron and its 
dendritic stratification in the IPL, is essential for distinguishing between cell types (Famiglietti & 
Kolb, 1976). 
These primary classes of retinal cells form many parallel microcircuits with unique 
functions. After light passes through the transparent retinal cells and is transduced by the 
photoreceptors, the spatiotemporal patterns of the entire image are encoded in a parallel 
cascade of neuronal circuits. By understanding the fundamental organization of the retinal cell 
structure, we can hopefully understand how visual information is processed in the retinal 
network. 
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1.3 Retinal ganglion cells and others 
The human retina contains approximately 104 million photoreceptors. There is space 
in the optic nerve for only about 1.2 million axons of retinal ganglion cells to carry the output 
signal streams to the brain. Particular aspects of the visual world are extracted and encoded 
by the complicated signal processing that occurs in the retina. The convergence from 
photoreceptors to RGCs involves complex signal processing, which occurs in the retinal 
network {Dacey, 2000; Field & Chichilnisky, 2007; Gollisch & Meister, 2010; Levick & Dvorak, 
1986; Levttvin, Maturana, McCulloch, & Pitts, 1959; Rodieck, 1998; Wassle, 2004; Werblin, 
2010). Mammals, such as cat and rat, have 5-10 times fewer RGCs than humans (Masland & 
Martin, 2007). 
For the mammalian retina, there are about 15-20 different RGCs {Masland, 2001a). 
Although the functions of many RGCs are still unclear, their physiology and morphology have 
been well characterized in several species, especially in cats {Barlow, Levick, & Yoon, 1971; 
Boycott & Wassle, 1974; Cleland & Levick, 1972; Enroth-Cugell & Robson, 1966; Fukuda & 
Stone, 1974; Levick, Cleland, & Dubin, 1972; J. Stone & Fukuda, 1974; Wassle, Cleland, & 
Levick, 1975). 
Retinal cell classification is well-progressed due to the advances in histochemistry, 
microscopy and pharmacology (Boycott & Wassle, 1974; Dreher, Sefton, Ni, & Nisbett, 1985; 
Enroth-Cugell & Robson, 1966; Huxlin & Goodchild, 1997; Sun, et al., 2002). The major 
populations of retinal cell types have been discovered, identified and quantified {Martin & 
Grunert, 1992; Masland, 2001b; Vaney, 1980). The mammalian retinas consist of a huge 
diversity of neuronal types, approximately 55 distinct cell types were identified and possibly a 
few more additional types are yet to be found (Masland, 2001b). The different cell types can 
be categorized into five major classes: RGCs, amacrine cells, bipolar cells, horizontal cells, and 
photoreceptors (Dowling, 1987; Kolb, 1994; Masland, 2001a; Rodieck, 1998) (Figure 1.2B and 
1.3). These five major cell classes are conserved among vertebrates (Meister & Berry, 1999). 
In cats, the RGCs are particularly densely packed in a region named the area centralis. 
This is the homologue of the human foveal region. The angular distance from the centre of the 
area centralis defines the origin for cat visual eccentricity. Some structural features of the 
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RGCs have a well-defined functional relation with eccentricity, such as soma size~ dendritic tree 
size, and dend ritic tree coverage (Pasternak & Horn, 1991; Ra pa port & Stone, 1988; Stein, 
Johnson, & Berson, 1996; Wassle, Peichl, & Boycott, 1981). In addition, there are useful scaling 
constants that relate visual angle in degrees to spherical distance along the retina measured 
from the centre of the area central is (or fovea) to the target position on the retina : Cat 1 mm:::: 
4.4° (Bishop, Vakkur, & Kozak, 1962); Human 1 mm:::: 3.5° {Drasdo & Fowler, 1974). 
To identify a RGC, the simplest way is to quantify its morphology. The term 
morphology includes the size and configuration of the soma, the dendritic tree areal spread, 
the pattern used by the dendrites to fill the spread, and the dendritic stratification within the 
IPL {Dreher, et al., 1985; Huxlin & Goodchild, 1997; Rowe & Stone, 1977; Sun, et al., 2002; 
Tauchi & Masland, 1984). Other criteria for classifying RGCs include studying its responses to 
electrical stimuli (electrophysiology), identifying its chemical building components 
(biochemistry) (Siegert et al., 2009), and finding its connectivity (micro-anatomy) {Buhl & 
Peichl, 1986; Dann & Buhl, 1987; Levick, et al., 1972). The purpose of classification is to 
partition the large number of RGCs into a more manageable, smaller number of classes. 
Random minor individual variations of any one particular feature may make it impossible to 
assign a RGC to a single class. It is therefore essential to take into account morphological, 
physiological and other characteristics to obtain practical homogeneity within the classes. In 
turn, these differences may affect the relative suitability of the different RGC types for 
stimulation by a retinal visual prosthesis. 
The neurochemical compositions of RGC plasmalemmas are diverse. Each of the 
different types of RGCs makes use of different types of ion channels. In addition, the 
heterogeneity of ion channels among RGCs leads to differences in their intrinsic membrane 
properties, including the RGC's voltage-current relationship, differing firing rates and firing 
patterns {Lipton & Tauck, 1987; Robinson & Wang, 1998). A complete survey of the intrins ic 
properties of 10 morphologically defined cat RGC types was carried out but was conducted in 
room temperature instead of physiological temperature {O 'Brien, lsayama, Richardson, & 
Berson, 2002) . Intrinsic properties do not always correlate precisely with classification based 
on morphology and visual repertoire . 
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This variety of ion channels allows visual information to be encoded diversely by 
different types of ionic transmembrane currents, which result in a significant range of spike 
shapes (Fohlmeister & Miller, 1997; Kress, Dowling, Meeks, & Mennerick, 2008). The various 
compositions of the multiple subtypes of ion channels in different cell locations leads to 
different spatiotemporal RGC responses. The diversity of RGCs across species makes the 
complete exposition of their responses to stimuli very difficult. This complexity is reflected in 
the diverse terminologies used by different researchers under various circumstances, which 
overall are confusing. In the following sections, we will use cat RGCs as the model to introduce 
the response of RGCs to stimuli. 
1.4 RGC - Responses to light 
The concept of a receptive field, first introduced by Hartline, sets the stage for visual 
neuroscientists to describe the response of the optic nerve fibers when the RGCs are 
stimulated with light (Hartline, 1938, 1940). The 'field' refers to the retinal area where 
stimulation triggers the response of the neuron. The receptive field dep~nds on the properties 
of the visual pathways connected to that neuron (Allman, Miezin, & Mcguinness, 1985; Hubel 
& Wiesel, 1960). However, it is not just the field area that matters, its surroundings and also its 
synaptic interactions distant from the field are also essential (Derrington, Lennie, & Wright, 
1979; Hamasaki & Maguire, 1985; Mcilwain, 1966). The receptive field organization is of great-
importance because it influences how visual information is highly compressed from the 
photoreceptors to the RGCs. 
In the 1950s, Kuffler's experiments on cat retina were devoted greatly to the 
exposition of the spatiotem para I organization of receptive field (Kuffler, 1952, 1953). He 
showed that there are two basic types of RGCs, referring to their concentric, centre-surround 
receptive field organizations: the ON-centre/OFF-surround (or simply referred to as the ON-
cell), and the OFF-centre/ON-surround (or simply referred to as the OFF-cell) (Kuffler, 1953). 
When light intensity increases at the centre of the receptive field in an ON-cell, it will increase 
the discharge (firing of spikes) of the RGC. In the same situation, the discharge of an OFF-cell 
will be decreased. Likewise, when light intensity decreases at the centre of the receptive field, 
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the discharge of an ON-cell will be decreased and the OFF-cell will be increased. The change of 
light intensity in intervening zone, the area between the centre and the surround, may increase 
the discharge as well. A simple diagram illustrating the receptive field of an ON -cell is shown in 
Figure 1.4. 
Imm 
Figure 1.4 A simple illustration of an ON-centre/OFF-surround receptive field from Kuttler (1953}. A recording 
electrode is positioned at the cell body. The discharge of the cell will increase when : 1} increment of light stimuli is 
presented to the central region (+); 2) decrement of light stimuli is presented to the periphery (O ); 3) Intensity of 
light changes in the intervening zone (EB). Reproduced from (Kuffler, 1953). 
Th is centre-surround organization is important for RGC encoding. Light stim u Ii can 
vary from starlight to sunlight, a variation of over ten orders of magnitude in luminance. On 
the other hand, the RGCs can only fire spikes over two orders of magnitude, when the number 
of spikes per second is considered . It is impossible for most RGCs to encode the absolute value 
of luminance. What most RGCs do is to encode the 'contrast', which is the normalized 
percentage of the centre to the surround {Dowling, 1987; Rodieck, 1998). In the first instant, 
contrast is calculated by divisive gain control in the photoreceptors (light adaptation), but is 
then enhanced by the surround subtracting low spatial frequency components, which we now 
understand adds to redundancy reduction (Srinivasan, Laughlin , & Dubs, 1982) . One set of RGC 
types coarsely encode absolute luminance at least at photopic levels. These are the recently 
discovered melanopsin containing RGCs {Dacey et al., 2005) that possess intrinsic 
photosensivity based on that photopigment. 
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1.4.1 W/X/Y 
Initial studies showed that both ON - and OFF-cells of cats cou ld be divided into two 
subtypes: X-cells and Y-cells, based on the linearity of RGC's spatial summation of discharge 
(Enroth -Cugell & Robson, 1966) . They used a full-field stimulus pattern consisting of a spatial 
sinusoid a I grating pattern . The contrast of the grating cou Id be switched abruptly between 
32% and 0% periodically at 0.45 Hz. The astonishing result was that the responses 
dichotomized their recorded sample of Kuffler-type receptive fields into two previously 
unrecognized classes: X-cells and Y-cells. In X-cells, it was possible to find a position of the 
stationary grating where the RGC maintained discharge was essentially unaffected when the 
display sw itched from 0% contrast (uniform field at the mean intensity of the sinusoid) to 32% 
(sinusoidal pattern). In other words, when the easily visible grating appeared, it was as though 
the X-ce ll was quite 'bl ind' to the sharp transition . On the other hand, all Y-cells gave a clear 
response at every transition regardless of the spatial position of the pattern. For X-cells, there 
were two special positions per cycle of the sinusoid that yielded null responses, namely where 
the spat ial profile of the sinusoid crossed the mean level of the waveform in an up-going or 
down-going sense. The null response was obtained when either of the pos itions co incided w ith 
an axis of odd symmetry of the entire centre-surround receptive field. At th is point of 
coincidence, each half of the entire receptive f ield (both centre and surround) must have been 
experienc ing strong stimulat ion : half in a positive sense and the other half in a negat ive sense . 
The absence of net response impl ies linear summation over the entire receptive fie ld, for both 
the centre and the surround components. 
The X-cells exhibit linear spat ial summation and the ir performance substantially obeys 
the superposition pr inc iple . They have comparat ively smaller recept ive field sizes (Christen , 
Cohen, & Winters, 1981; Enroth -Cugell & Pinto, 1972). On the other hand, the Y-cells show 
non- linear spat ial summat ion , and they also have relat ively la rger recept ive fi eld sizes . In 
add it ion, the Y-cells respond at twice the temporal frequency of a high contrast, fin e, movi ng 
grat ing. Th is d iffers strong ly from the simp le first-harmon ic response of t he X-ce ll s (Hochste in 
& Shap ley, 1976; Shap ley & Victor, 1980). The soma sizes of the Y-ce ll and the X-cell are 
approximate ly 20 m icrons on average, and increase w ith eccent ri cit y (Boycott & Wass le, 1974; 
Stanford, 1987b; Ste in, et al., 1996). The soma sizes of the Y-ce lls are large r tha n th e X-ce ll s at 
eccentricit ies away from the area centra li s. Some RGCs were found w ith non-conce ntr ic 
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receptive fields, with very slowly conducting axons (T3) (J . Stone & Hoffmann, 1972). The 
functional organization of the various receptive field types were related to the axon diameter 
and related to the soma size, thus the correlation between the receptive field and the axon 
conducting velocity were studied (Fukada, 1971). Along with some RGCs with concentric 
receptive fields that have the slowly conducing axons, the RGCs in the T3 group are called W-
cells (J. Stone & Fukuda, 1974). The W-cells have soma size less than 15 microns (Stanford, 
1987a; Stein, et al., 1996). Of all RGCs in the cat retina, there are about 50% X-cells (Boycott & 
Wassle, 1974L 5% Y-cells (Wassle, Levick, & Cleland, 1975L and the rest were classed as W -
cells (Fukuda & Stone, 1974). In primate, when the same classification is applied, there are 
only 5% W-cells in the RGC population, which indicated that they might not be as important as 
the X-cells and the Y-cells (Freeman, 2009; Masland & Martin, 2007). The W-cells are a 
physiologically diverse group containing feature detectors, color (blue/green) sensitive cells, 
and sluggish Y-like cells among other things (Levick, 1996). 
1.4.2 Transient and Sustained 
Two types of concentric RGCs that had dissimilar spiking patterns were introduced as 
the 1Transient 1 and the 1Sustained 1 cells (Cleland, Dubin, & Levick, 1971). Later it was shown 
that these two classes of RGCs have two subclasses: brisk and sluggish (Cleland & Levick, 
197 4a). Th us they formed four subclasses in tot a I: Brisk-transient ( BTL Brisk-sustained (BS), 
Sluggish-transient (ST) and Sluggish-sustained (SS). Cleland and Levick also correlated these 
subclasses to the axon conducting groups. The fast (Tl), the medium (T2) and the slow (T3) 
axon conducting groups were linked to the BT, BS and the sluggish (ST and SS) RGCs 
respectively. Furthermore, they verified there were non-concentric receptive fields RGCs that 
were in the T3 group (Cleland & Levick, 1974b). Later this finding were included in the 
description of W-cells (J. Stone & Fukuda, 1974). 
Although there was considerable evidence, such as the axon conduction velocity, 
showing that the transient and the sustained RGCs are equivalent to the Y-cells and the X-cells 
respectively, Cleland et al. (1971) believe that it is better to keep their terminologies since 
these spiking patterns are also dependent on eccentricity. The spike pattern is not absolutely 
one-sided . For example, the spike pattern of the Y-cells at area centralis contain considerable 
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amount of tonic component rather than being solely phasic. Like simple and complex cells in 
the cortex, the use of ratios of tonic/first harmonic, or second on first harmonics, to define cell 
types has recently been thrown into question (Mechler & Ringach, 2002) . It is worth noting 
that while there has been some debate about the presence of Y-like cells in primates these 
have recently been identified (Crook, Peterson, Packer, Robinson, Gamlin , et al., 2008; Crook, 
Peterson, Packer, Robinson, Troy, et al. , 2008; Petrusca et al., 2007), making the cat a 
reasonable model again, except perhaps for the midget RGC system of primates. 
The discharge properties of the transient and sustained classes of RGCs vary with their 
eccentricities and have different functional roles (Ikeda & Wright, 1972). When the RGCs are 
close to the area centralis, both classes become biased towards relatively stronger susta ined 
components . In the periphery, both classes become more biased towards relatively stronger 
transient components. Previous studies suggested that the transient and sustained properties 
might be generated differently due to dissimilar synaptic connections. However, blocking the 
inhibitory GABAergic and glycinergic feedback from amacrine cells truncates the transient 
response. It does not change the response of the RGC from phasic to tonic (G. B. Awatramani 
& M. M. Slaughter, 2000; G. Awatramani & M. M. Slaughter, 2000). In mammals, antagonistic 
centre-surround receptive field organization is generated in the OPl and the transient-
susta ined subdivision first appears in the IPL, for review see (Thoreson & Mangel, 2012). The 
BT RGCs can produce 'sustained ' response characteristics in the standing contrast test, by 
continuous ly eliciting with the 'Periphery (Shift) effect' (neuron excited by sti mu Ii located far 
away from its receptive field, (Mcilwain, 1966)) at the same time (Hamasaki & Maguire, 1985; 
Kruger, 1980) . 
The different term in ologies used to describe the recept ive field propert ies (for rev iews 
see (Levick & Thibos, 1983; Rowe & Stone, 1977)) are summarized in Figure 1.5. 
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.... ss ...... 
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Figure 1.5 Summary of terminologies used to describe the receptive field properties. The dash lines show the 
possible link of each type to it corresponding counterpart. In a historical perspective, Kuffler {1952, 1953) found the 
concentric, centre-surround (ON-cell or OFF-cell) organization of receptive fields . Enroth-Cugell and Robson {1966) 
subdivided the types based on the spatial summation of discharge {Non-linear: Y-cell; Linear: X-cell) of the RGCs. 
Later Cleland et al. {1971) classified two RGCs spiking patterns (sustained or transient), and they correlated them to 
the X/Y classification and the axon conduction velocity (Fast: Tl; Medium : T2; Slow: T3). The W-cells were added to 
the X/Y classification by Stone and Hoffmann {1972) after they found the RGCs with non-concentric receptive field, 
associated with slow conducting axons {T3). Cleland and Levick {1974a) further subdivided the Sustained/Transient 
classification into brisk and sluggish, and correlated the axon conducting velocity to these classes : Brisk-Transient 
{BT), Brisk-Sustained {BS), Sluggish-Transient {ST) and Sluggish-Sustained {SS). The BT and BS RGCs are in the axon 
conducting velocity groups Tl and T2 respectively, while the sluggish RGCs {SS and ST) are in the T3 group. In the T3 
group, Cleland and Levick {1974b) also showed there are RGCs with non-concentric fields. Stone and Fukuda 
{1974a) added RGCs in the T3 group with concentric receptive fields into the W-cell category. The yellow region 
covers the RGCs with concentric centre-surround receptive fields, with different classification schemes . The blue 
region covers the RGCs with non-concentric receptive fields (e.g. Uniformity-detector) . The green region comprised 
the RGCs with both concentric and non-concentric recept:ve fields. 
1.5 RGC - Responses to electrical stimulation 
In order to study the physiological properties of the RGCs and/or make use of the 
surviving RGCs in visual prosthesis, we wish to activate the RGCs by electrical stimulation. As 
mentioned above, one of the foremost questions to ask is if a non-physiological electrically-
evoked spike carries the same visual information as a natural light-elicited spike. We can 
certainly study the physiological properties of the individual RGCs in respect of the electrically-
evoked spike. However, the attributes of the spikes generated depend on the physiological 
properties of the neurons, the electrical stimulus applied, and also the responses of the 
neighboring neurons in the neural network. Moreover, a single spike on its own contributes 
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limited perceptual visual information. It is the inter-correlated spike trains of the different 
neurons in the entire retinal network that provides the perceptual experience of vision as a 
whole. 
The Hodgkin and Huxley model described the ionic mechanism of the excitable 
membranes (Hodgkin & Huxley, 1952a, 1952b). The basic mechanism of spike generation by 
electrical stimulation in the RGCs is no different from any other excitable membrane. Once the 
electrical stimulation opens enough voltage-gate ion channels and reaches the threshold of the 
excitable cell membrane, the neuron will spike. As described above, the exchange of the ions 
through the opened channels triggers the 'all-or-none' spike generation mechanism. A number 
of factors can affect the divergence of the threshold and the efficacy of the electrically-evoked 
spike generation, for review see (Margalit et al., 2002). 
The optic nerve is assembled from the axons of the 15-20 types of RGCs that have 
different function roles in visual perception (Dacey, Peterson, Robinson, & Gamlin, 2003; 
Masland, 2012L each of which have distinct anatomical structures and different network 
connections. The threshold to elicit a spike depends on the heterogeneous and spatially 
oriented excitability properties of the target neural elements being stinJulated. The primary 
electrical stimulation response is generated by a dense band of voltage-gated sodium channels 
located within the proximal axon (Fried, Lasker, Desai, Eddington, & Rizzo, 2009). This band is 
also known as the axon initial segment (AIS), for reviews see (Kole et al., 2008). The anatomic 
properties of the band are diverse within each RGC types due to the various compositions of 
ion channels within the band (Fried, et al., 2009L thus generating a wide range of electrically-
evoked spikes with various spatiotemporal properties. 
The activation threshold is affected by the location of the stimulating and reference 
electrode pair to the AIS of the target RGC. The position and orientation of the pair determine 
the amount of current that will flow out of the AIS. The impedance of the tissues between the 
stimulating electrode and the AIS will increase with their separation distance. In addition, if 
the electric field is longitudinal to the excitable axon membrane surface, the cell membrane 
potential will be depolarized with maximum efficiency, thus lowering the threshold (Hille, 
1992; Jack, Noble, & Tsien, 1975). On the other hand, if the electric field is transverse, the 
influence is minimal since the net charge effect on the membrane potential is close to zero. 
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The current charge transfer efficiency is defined by the stimulating electrode's physical 
properties, including the material that makes up the electrode and its shape, and the stimulus 
pulse waveform. Some common biocompatible materials are titanium nitride, tungsten, 
platinum and iridium oxide, for reviews see (Cogan, 2008). Their charge injection limits are 
well studied (Beebe & Rose, 1988; Craggs, Donaldson, & Donaldson, 1986; Levick, 1972). 
Material such as diamond (Hadjinicolaou et al., 2012) is also used. When the charge density is 
beyond the tolerance of the material used, toxic irreversible reactions might occur in the 
electrode-tissue interface. The amount of current or charge required is always carefully 
considered, in order to prevent tissue or electrode damage, and to determine the threshold of 
the neuronal activation. The current density is based on the surface area of the stimulating 
electrode and its shape. The primary issue to consider when using an electrode to stimulate 
the neurons is safety. Two critical concerns are the heat related thermal damage, for review 
see (Opie et al., 2012), and the neural damage induced by electrical stimulation, for reviews 
see (Mccreery, Agnew, Yuen, & Bullara, 1988; Mccreery, Agnew, Yuen, & Bullara, 1990). 
Under continuous electrical stimulation, there will be electrochemical reactions 
between the electrode material and the tissue. The corrosion of the electrode and the 
dissolution of the electrode material are both unavoidable (Brummer & Turner, 1977). It is just 
a matter of time until the damage exceeds the tolerance criteria. With the defined stimulating 
electrode, the current charge distribution is determined by the stimulus pulse. The most 
common stimulus waveform is a biphasic symmetric charge-balanced rectangular current 
pulse. A biphasic symmetric waveform consists of two pulses with the same current density 
and opposite polarity. If the overall net charge is unbalanced, it might trigger irreversib le 
electrochemical reactions and change the pH at the tissue electrode interface. The charge-
balanced waveform results in an overall zero net charge, thus avoiding accumulation of 
electrochemical byproducts that cause tissue or electrode damage. Nonetheless, other forms 
of stimulus can be used, such as the biphasic asymmetric charge-balanced waveform, 
sinusoidal waveform or even simple square (charge-unbalanced) pulses (Shepherd & Javel, 
1999). For the biphasic asymmetric charge-balanced waveform, there are two charge-
balanced pulses with oppos ite polarity: one phase will have a longer pulse duration and a 
lower current amplitude, while the other phase will have a shorter pulse duration and a higher 
current amplitude. There are four possible waveform arrangements by considering the order 
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of the polarity and the sequence of the pulse duration/amplitude orders (Figure 1.6). Another 
important parameter is the interphase interval (IPI). It has the effect of lowering the threshold, 
which makes electrical stimulation more efficient (Weitz, Behrend, Humayun, Chow, & 
Weiland, 2011). 
A B 
R/y 
X 
Rix 
C D 
Figure 1.6 Four possible biphasic asymmetric charge-balanced waveform configurations. There are two charge-
balanced pulses with opposite polarity. Set the current amplitudes for the first and second pulses as x and y 
(ampere), and the durations as R/x and R/y (time) respectively . The products (current*duration) of each pulse are R 
(coulomb) with opposite polarity, therefore the net charge of the waveform is zero. The interphase interval (ts) is 
the time period between the two pulses. The arrow ("'7) is pointing at the baseline, typically at O current. A) A 
cathodic higher-current-shorter-duration pulse followed by an anodic lower-current-longer-duration pulse; B) A 
cathodic lower-current-longer-duration pulse followed by an anodic higher-current-shorter-durat ion pulse; C) An 
anodic higher-current-shorter-duration pulse followed by a cathodic lower-current-longer-duration pulse; D) An 
anodic lower-current-longer-duration pulse followed by an anod ic higher-current-shorter-duration pulse. 
It is more meaningful to consider the stimulus in the sense of electric charge instead of 
current. There are three parameters of a stimulus: the polarity, the current amplitude and the 
pulse duration. A stimulus with a high current amplitude, presented for a very short duration, 
cannot be guaranteed to activate a neuron because it takes time for the ion channels to react. 
Stimulation works by charging the local membrane capacitance to the threshold charge value 
for the AIS. After the end of a very short pulse, the charge redistributes spatially to the 
adjacent membrane capacitance. The initially high membrane potential smoothly relaxes 
during the redistribution phase towards resting potential and will continue to recruit activated 
sodium channels throughout the decay period. When the originally deposited charge is above 
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charge threshold, the voltage record will go through a minimum (still positive to resting 
potential) and then swing upward as the activated sodium channels take control. In the case of 
biphasic waveform, if the entire waveform is shortened so much that the opposite phase of the 
stimulus turns on before the activation of sodium channels is sufficiently advanced, the spike 
will be aborted as the opposite phase is now actively removing charge from the membrane 
capacitance (Tasaki, 1956). Thus, there are constraints for the reaction . In addition, there is a 
limit on the amount of charge that can be injected to the tissue without damaging the 
electrode and initiating irreversible toxic reactions in the interface. On the contrary, a stimulus 
with very long duration and a low current amplitude cannot be promised to elicit a spike. 
There is a minimum current value required to depolarize the excitable membrane known as 
the rheobase (Jack, et al., 1975). The current amplitude and the pulse duration together 
define the quantity of charge that can depolarize the neuron. The pulse duration at twice the 
rheobase is known as the chronaxie (Figure 1.7), which is the minimum time required to reach 
the activation threshold, for review see (Geddes, 2004) . 
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Figure 1.7 Rheobase and Chronaxie. The well-defined relationship between the stimulus strength and the stimulus 
duration . The minimum strength to reach the threshold of depolarization of an excitable membrane is called the 
rheobase . The minimum duration required to elicit a spike at twice the rheobase is known as the chronaxie . Source 
of figure : (Wikipedia Public Domain) . 
An excitable membrane can be activated by anodic or cathodic pulses, even without 
charge balancing. For safety reasons a charge-balanced stimulus, with minimum threshold 
(current and duration) is desirable. In a biphasic stimulus, cathodic phase first is considered as 
the preferred choice since the threshold is lower compared to anodic phase first (Ranck, 1975). 
The IPI between the two phases allows time for spread of the charge along the membrane 
capacitances and avoids loss of membrane charge to the following opposite polarity 
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component of the stimulus waveform. However, the optimal I Pl is st ill an unknown. After all , 
there may not be a practical optimal stimulus at the lowest thresholds. There are just too 
many variables to be satisfied especially when a multi-electrode array {MEA) is used instead of 
a single stimulating electrode with a return (Shivdasani et al., 2010). 
A single stimulus can be set up to elicit a single RGC spike (Ahuja, Behrend, Kuroda, 
Humayun, & Weiland, 2008; Fr ied, Hsueh, & Werblin, 2006; Sekirnjak et al., 2006). However, 
when the stimulus is repeated to form a pulse train, the threshold may be altered {Schmidt et 
al. , 1996; Veraart et al., 1998) . A rapidly changing pattern of electrical stimulation can depress 
the neural responses (Mccreery, et al., 1988; Mccreery, et al., 1990). The results are diverse 
among different RGCs at various stimulation frequencies. Fried et al. {2006) showed that a 
train of pulses {250 pulses per second {PPS)) reliably elicited a train of spikes over a one second 
period (Fried, et al., 2006). Similar results were demonstrated with a 500 PPS spike tra in 
(duration not specified) {Ahuja, et al. , 2008). By contrast, some RGCs did not reliably elicit 
sp ikes at 100 PPS {Sekirnjak, et al., 2006). A more systematic study was done which showed 
that brisk transient {BT) RGCs could reliably follow stimulus trains up to 600 PPS while other 
RGC types (directionally selective {DS): ON-DS and ON-OFF DS; local edge detector; and OFF-
delta) failed to follow at 200 PPS and beyond {Cai, Ren, Desai, Rizzo, &- Fried, 2011). These 
experiments were done with different protocols but one common feature is they all used a 
fixed frequency stimulus train presented over a short period of time . A key question for th is 
thesis is to see if the RGCs can follow a stimulus train that imitates a near continuous natural 
light-elicited spike pattern, as would be required for a visual prosthesis. 
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1.6 Thesis aims 
Despite the complexity of the brain, where vision is interpreted, the retina by itself has 
very subtle unsuspected properties. So far, a rather detailed catalogue of retinal performance 
has been built: a nearly complete set of the retinal ganglion types; some understanding of the 
encoding in the spikes trains; and some knowledge about how RGCs respond to electrical 
stimulation. From physiology to the applications of retinal prosthesis, there is much still to be 
learnt to achieve practical visual recovery. 
From an engineering point of view, in order to reconstruct vision with the aid of a 
prosthesis, RGCs are to be understood as the basic components (such as resistors and 
capacitors) to an electronic circuit. The challenge is to design and create a truly harmonized 
hybrid bio-electronic device. We know what the inputs and outputs are, but what we need is a 
better understanding of the retinal components and to design a blackbox to recreate the lost 
functions of the retina. 
There are four aims in this thesis: 
Aim 1: Characterize the intrinsic physiological properties of rat RGCs. Examine the hypothesis 
that the intrinsic properties of individual RGC types are conserved across mammalian species. 
Research Plan 1: Patch-recordings were made of the voltage responses of the rat RGCs over a 
range of current injections. Evaluation of the intrinsic physiological properties of RGCs was 
done by subsequent analysis. The recorded RGCs were filled with neurobiotin or biocytin and 
their morphologies were captured and studied by confocal microscopy. Based on the 3-
dimensional images, the RGCs were classified into 16 types as defined in the literature . A few 
rare types of RGCs were encountered but were not included, owing to limited sample sizes. 
Intrinsic physiologica I properties between rat and cat were compared using a cluster analysis 
for the purpose of checking if the RGC types were conserved across these two species . This 
study has been published (Wong, Cloherty, Ibbotson, & O'Brien, 2012) . 
Aim 2: Analyze the spike waveform of rat RGCs . Examine the possibility that RGC types can be 
identified by their spike characteristics alone. 
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Research Plan 2: Statistical analysis of the spikes of the rat RGCs recorded in Plan 1. 
Parameters from the spike waveforms, phase plots, and their first and second time-derivatives 
were extracted. Unsupervised classifications were done and the clusters were compared with 
the types as defined by confocal images in Plan 1. Part of this study has been published 
collaboratively (Accepted in upcoming conferences: (Maturana, Wong, Cloherty, et al., 2013; 
Maturana, Wong, Kameneva, et al., 2013)). 
Aim 3: Quantify the effect of the inner limiting membrane on the thresholds for epiretinal 
electrical stimulation of RGCs. 
Research Plan 3: A pair of bipolar stimulating electrodes was placed above or penetrating the 
inner limiting membrane of a rat retina. Voltage-clamping recordings were made of the 
voltage responses of the rat RGCs. The thresholds to elicit spikes under these two conditions 
were compared. The results have been partially published (Cloherty et al., 2012). 
Aim 4: Reconstruct naturalistic scene in cat RGCs by epiretinal electrical stimulation. 
Research plan 4: Light stimuli were projected on the whole-mount retina preparation. Patch-
recordings were made of the voltage responses of the cat RGCs under three light stimuli: 1) 
standing contrast; 2) moving gratings with various contrast and spatial frequencies; 3) videos 
showing what normal human eyes see during saccadic movements across natural scenes. The 
response of the RGCs to the stimuli, the soma size, the receptive field and the intrinsic 
properties were used to classify the cat RGC types as defined in the literature. The spike 
timings from stimulus 3 were used as the blueprint to construct biphasic pulse trains for 
electrical stimulation. The correlations of the spikes trains obtained from stimulus 3 and 
electrical stimulation were evaluated. I have reported some of the results in an oral 
presentation (Australian Neuroscience Society 33rd Annual Meeting 2013, Melbourne, 
Australia) . 
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2.1 Abstract 
The mammalian retina contains 15-20 different retinal ganglion cell (RGC} types, each 
of which is responsible for encoding different aspects of the visual scene. The encoding is 
defined by a combination of RGC synaptic inputs, the neurotransmitter systems used, dendritic 
tree size, location in the visual field and RGCs' intrinsic physiological properties. Each cell's 
intrinsic properties are defined by its morphology and membrane characteristics, including the 
complement and localization of the ion channels expressed. In this study, we examined the 
hypothesis that the intrinsic properties of individual RGC types are conserved among 
mammalian species. To do so, we measured the intrinsic properties of 16 morphologically 
defined rat RGC types and compared these data with cat RGC types. Our data demonstrate 
that in the rat, different morphologically defined RGC types have distinct patterns of intrinsic 
properties. Variation in these properties across cell types was comparable to that found for cat 
RGC types. When presumed morphological homologs in rat and cat retina were compared 
directly, some RGC types had very similar properties. The rat A2 cell exhibited nearly identical 
patterns of intrinsic properties to the cat alpha cell. In contrast, rat D2 cells {ON-OFF 
directionally selective) had a very different pattern of intrinsic properties than the cat iota cell. 
Our data suggest that the intrinsic properties of RGCs with similar morphology and suspected 
visual function may be subject to natural selection due to the behavioral niche occupied by the 
species. 
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2.2 Introduction 
The retina has an extraordinary task to perform. It must capture, process and relay all 
relevant information about the visual scene within one fixation pause ("'300ms) before the eye 
moves on to another target and the process repeats itself. It manages this task through an 
array of parallel processing networks, each of which is tuned to extract and represent different 
features of the visual scene (e.g. form, motion, color) and send that information to the 
appropriate target brain nuclei via the axons of retinal ganglion cells (RGCs) . As a result, it is 
now commonly believed that 15-20 different arrays of RGCs exist in mammalian retina (for 
review, see (Berson, 2008; Dacey, Peterson, Robinson, & Gamlin, 2003; Masland, 2001), each 
of which carries a piece of visual information. These elements assemble in the brain as vision. 
The visual information carried by RGCs is determined in at least three ways. First, the 
dendrites of each RGC type sample from the many different types of bipolar ("' 11 types) and 
amacrine cells ("' 30 types) present in the mammalian retina (for review, see (Masland, 2001; 
Vaney, 1990; Wassle, 2004) . Second, information is filtered differentially by each RGC 
depending upon the neurotransmitter receptors present. Finally, the intrinsic physiological 
properties of each RGC type ultimately limit the information they can carry. Prior studies of 
RGC intrinsic properties have been largely limited to identifying individual ion channel types 
without regard to an individual cell's morphological type. Only a handful of studies have 
attempted electrophysiological recordings with complete anatomical reconstruction of each 
cell and yet fewer studies have sampled the entire cell population (Fohlmeister, Cohen, & 
Newman, 2010; Fohlmeister & Miller, 1997; Ishida, 1991; Liets, Olshausen, Wang, & Chalupa, 
2003; Lipton & Tauck, 1987; Margolis & Detwiler, 2007; O'Brien, lsayama, Richardson, & 
Berson, 2002; Qu & Myhr, 2008, 2011; Robinson & Chalupa, 1997; Robinson & Wang, 1998; 
Sheasby & Fohlmeister, 1999; Sucher & Lipton, 1992; Tabata & Kano, 2002; Van Hook & 
Berson, 2010; Wang, Ratto, Bisti, & Chalupa, 1997; Zeck & Masland, 2007). Moreover, no 
study has yet compared intrinsic properties for morphologically similar cell types across 
different mammalian species. 
In the present study, we carried out a complete survey of the intrinsic physiological 
properties of 16 morphologically defined rat RGC types, including both passive (resting 
membrane potential, time constant, input resistance) and active (maximum firing rates, 
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frequency adaptation, anomalous rectification and ramping) properties. Our data demonstrate 
that different types of RGCs in rat, based on anatomical classification alone (Sun et al. 2002), 
vary enormously in both their passive and active intrinsic properties but the properties are 
consistent within cell types. Moreover, we compared our data with a similar survey previously 
obtained for the complement of cat RGC types (O'Brien, et al., 2002). Comparing intrinsic 
properties of rat and cat RGC types that shared similar morphological properties revealed that 
the agreement was good for some cell types but not for others, suggesting that despite near 
morphological identity the intrinsic physiological properties of RGCs in a species may be tuned 
to suit different purposes during evolution. Since the intrinsic properties define not only how 
each RGC type will respond to its synaptic input, but also how it will respond to extracellular 
electrical stimulation, our data also suggest that care needs be taken when extrapolating from 
animal models to humans in the development of retinal prosthetic devices. 
2.3 Materials and Methods 
2.3.1 Ethical approval 
Methods conformed to the policies of National Health and Medie-al Research Council of 
Australia and were approved by the Animal Experimentation Ethics Committee of the 
Australian National University. 
2.3.2 Retinal whole mount preparation 
Data came from 85 pigmented Long-Evans rats ranging in age from 3 - 15 months. We 
chose the Long-Evans rat as our animal model for several reasons. First, our aim was to 
examine whether the intrinsic properties of morphologically similar RGC types are conserved 
among mammalian species. To do so, we required a species where the complement of 
morphological types is well established. The rat RGC complement has been examined 
previously, and we used the most recent and extensive classification scheme for our analysis 
(Huxlin & Goodchild, 1997; Sun, Li, & He, 2002). In addition, the rat model has been used 
extensively to study the biophysical properties of neuronal voltage-gated ion channels that 
underlie many of the physiological properties we describe here. The Long-Evans strain is 
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pigmented and thus does not have the well-known retinal abnormalities associated with albino 
animals (Jeffery, 1997). Finally, eye size is substantially greater in rats than mice and thus we 
were able to record greater numbers of cells in each individual animal and thus reduce overall 
animal usage. 
Animals were initially anaesthetized with isoflurane (5% in 0 2) and maintained during 
enucleation with 3% isoflurane. After enucleation, rats were killed with an overdose of Sodium 
Pentabarbitone (350mg, intracardiac). After hemisecting the eyes behind the ora serrata, we 
removed the vitreous body and cut each eyecup into 2 - 4 pieces. Pieces of retinal whole 
mount were mounted, ganglion cell layer up, on a coverslip which formed the bottom of a 
perfusion chamber (Warner Instruments, Hamden, CT USA, RC-26GLP) and were held in place 
with a stainless steel harp fitted with Lycra threads (Warner Instruments, CT USA). Once 
mounted in the chamber the retina was perfused (4-6 ml min -1) with carbogenated Ames 
medium (Sigma-Aldrich, St. Louis, MO) at room temperature. Recordings were made at room 
tern peratu re specifically to a !low direct interspecies comparison with data previously obtained 
for cat RGCs (O'Brien, et al., 2002), and the absolute values obtained may therefore differ from 
the in vivo condition (Fohlmeister, et al., 2010). The chamber was mounted on the stage of an 
upright microscope (Olympus, BX51WI) equipped with a 40x water immersion lens and 
visualized with infrared optics on a monitor with 4x additional magnification. Detailed 
methods have been described previously (O'Brien, et al., 2002). 
2.3.3 Physiological data collection and analysis 
To obtain a whole cell recording, we first made a small hole in the inner limiting 
membrane (ILM) and optic fiber layer overlying a ganglion cell (O'Brien, et al., 2002; Robinson 
& Chalupa, 1997; Taylor & Wassle, 1995). Recordings were limited to RGCs exposed during this 
procedure that had smooth surfaces and a granular cytoplasm. The pipette internal solution 
conta ined (in mM) : K-gluconate 115, KCI 5, EGTA 5, HEPES 10, Na -ATP 2, Na-GTP 0.25; (mOsm = 
273, pH= 7.3) including Alexa Hydrazide 488 (250 µM) and biocyt in (0 .5%). 
Whole -cell current clamp recordings from retinal gangl ion cells were obta ined w ith 
standard procedu res (Ham ill , Marty, Neher, Sakmann, & Sigworth, 1981). Init ial pipette 
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resistance ranged between 3 and 7 MO. The pipette voltage in the bath was nulled prior to 
recording. It was also checked immediately at the end of each recording after clearing the 
pipette tip with a pulse of pressure. If bath potentials before and after recording differed, the 
latter was taken as ground potential. After obtaining a gigaohm seal and rupturing the cellular 
membrane, the pipette series resistance was measured and compensated with the bridge 
balance circuit of the amplifier. Resting potentials were corrected for the change in liquid 
junction potential that occurs upon break-in and cell dialysis (liquid junction potential was 
measured directly as -5 mV (Neher, 1992). No capacitance compensation was employed. 
Membrane potential was amplified {BA-1S, NPI, Germany) digitized with 16-bit 
precision at 20 kHz {USB-6221, National Instruments), and stored in digital form. The data 
collected were analyzed off-line with custom software developed in LabVIEW {National 
Instruments). Cells were excluded from analysis if they exhibited marked instability of resting 
potential or if their action potentials did not overshoot O mV. We tested each cell with a series 
of depolarizing and hyperpolarizing current steps. For most cells, the largest depolarizing 
current step drove the cell into spike block and the largest hyperpolarizing step yielded a 
membrane potential {Vm) of approximately -90 mV. 
Spike widths were measured as the full width at half height. Reported widths for 
individual cells represent the average of at least 15 of such measurements. To minimize the 
influence of high spiking frequency on spike width, we restricted our analysis of spike width to 
spontaneous spikes or those evoked by just-su prath res hold current steps. We calculated the 
input resistance {RN) for each cell according to Ohm's law {V = iR) from the change in steady-
state Vm produced by current injections of known amplitude . We used small amplitude 
hyperpolarizing currents {t1Vm ""' 5 mV) to avoid triggering action potentials and other non-
linear membrane properties. Membrane time constant (-r) was estimated with the method of 
"peeling" (Johnston & Wu, 1997). Good fits were determined by limiting the root mean square 
variation of the fit to less than 0.1 ms. If this criterion could not be achieved, the data were 
excluded from the analysis. 
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2.3.4 Statistical analyses 
To test whether individual measures were statistically related to morphological type 
we used (unless otherwise noted) the non-parametric Kruskal-Wallis test for multiple 
independent samples (SPSS v19, IBM). When a significant relationship was detected, a post-
hoc test was applied to determine which pairs of types were significantly different from one 
another. Error measurements are reported as standard error of the mean (SEM) unless 
otherwise noted. 
We also performed unsupervised hierarchical cluster analyses on the entire dataset 
(SPSS v. 19, IBM) to examine whether the overall pattern of intrinsic physiological properties 
for each rat RGC type was predictive of morphological classification. We used a between-
groups linkage method for progressive clustering of individual cells, using the squared 
Euclidean distance as a measure of proximity between individual cells. 
In addition, we used the same cluster analysis techniques to examine whether the 
intrinsic physiological properties of individual morphological types might be conserved among 
species by comparing our rat data with similar data from cat RGCs (O'Brien et al., 2002). To 
properly compare cell types between species, z-scores for the mean of each cell type's intrinsic 
physiological properties were calculated within each species. This within species normalization 
allows the clustering procedure to examine whether functional relationships among the 
morphological classes are preserved in the two species. 
2.3.5 lmmunocytochemistry and morphological identification 
After recordings, the tissue was removed from the chamber, mounted onto filter 
paper, fixed for 30 - 60 minutes in phosphate buffered 4% paraformaldehyde, and stored for 
up to 2 weeks in 0.1 M phosphate buffered saline (PBS; pH 7.4) at 4 °C. The tissue was 
subsequently processed to reveal biocytin-filled cells by immersion in 0.5% Triton X-100 (20 
µg/ml streptavidin conjugated to Alexa488; lnvitrogen) in PBS overnight . Tissue was washed 
thoroughly in PBS, mounted onto Superfrost+ slides and coverslipped in 60% glycerol. Cellular 
morphology was classified after 3-D confocal reconstruction (Zeiss PASCAL). 
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Cells included in this analysis were ganglion cells rather than displaced amacrine cells . 
This was immediately apparent for many cells because they had an axon that entered the optic 
fiber layer. Other cells lacked a discernible axon, presumably having lost it during cell 
exposure, but were virtually certain to be ganglion cells because their somata were larger than 
those of amacrine cells, they resembled an established rat RGC type, and they lacked axonal 
branches in the inner plexiform layer (IPL) and other features typical of displaced amacrine 
cells . Data from RGCs with and without axons were integrated as no significant differences 
were observed for any of the parameters measured . Ganglion cells were classified 
morphologically on the basis of soma size, dendritic field size and structure, and dendritic 
stratification (% IPL depth, mono- or bi- stratified). Dendritic field diameter was estimated by 
circumscribing the dendritic tree with concave line segments, measuring the resulting area 
(Zeiss AIM software) and calculating the diameter of an equivalent circle. Retinal eccentric ity 
was not controlled in this study since it has only a small impact upon cell size (Huxlin & 
Goodchild, 1997; Peichl, 1989} and is not necessary for morphological classification as it is in 
other species (e .g. central cat alpha cells and peripheral cat beta cells have similar 
morphologies) . The majority of recorded RGCs could be classified according to previously 
described morphological types (Huxlin & Goodchild, 1997; Sun, et al., 2002). The remaining 
cells were excluded from this report. 
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2.4 Results 
2.4.1 RGC morphological types 
We recorded the physiological response properties of 229 rat retinal ganglion cell s 
from 85 pigmented Long-Evans rats ranging in age from 3 - 15 months of age . Of those, 125 
RGCs were filled well enough for complete confocal reconstruction and subsequent 
morphological classification. As has been previously described (Huxlin & Goodchild , 1997; Sun, 
et al. , 2002}, we encountered 16 different types of RGC (F igure 2.1) that could be clearly 
identified on the basis of their morphological characteristics (Table 2.1} including soma size, 
dendritic field size, dendritic field structure and stratification in the IPL. 
Table 2.1 Morphological characteristics of rat RGC types. 
Cell Type Soma diameter Field diameter % Depth Predicted Centre Sign 
Al 21 (3) 488 (26) 74 (7) ON 
A2i 21 (2) 480 (72) 69 (4) ON 
A2o 22 (1) 362 (26) 33 (1) OFF 
Bl 13 (1) 217 (9) 27 (8) OFF 
82 15 (1) 195 (8) 53 (2) ON 
B3i* 13 266 73 OFF 
B3o 11 (4) 238 (13) 23 (4) OFF 
·------ ~~------- ------ -- --------~-~- -(}) ________________ ___ __ ______ __ ??.?.(_~~) ___________________________ ~} __ (:l:L __________________ ___ ____ ___ ?.!':J.~q-~-~---------------
c1 17 (1) 450 (55) 69 (5) ON 
C2i 15 (1) 355 (43) 58 (4) ON 
C2 o 16 ( 1) 316 ( 8) 2 4 ( 3) 0 FF 
C3 14 (1) 374 (28) 63 (4) ON 
C4i 15 (1 ) 377 (24) 71 (7) ON 
..... -~~-<? .. . --. --.......... --. -~?.. ( ~) .. -. -.. --... . --... -. -.. ·-.... ??~-_(_ ~})_ ... .. -·. -.. --.... -----· -.. ?. ~-( ~ )_ .... -... -.. ·-. -................ 9. ~ ~- ..... -·- ... -.. --- . 
Dl 15 (1) 242 (33 ) 57 (6); 19 (3 ) ON-OFF 
D2 17 (1) 364 (21) 61 (2 ); 27 (2) ON-OFF 
Values are : mean (standard error) ; * indicated only one sample in type B3i. Field diameter refers to the dendrit ic 
field and all diameters are in µm . 
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Figure 2.1 Rat retinal ganglion cell {RGC) morphologies. Drawings of individually recorded rat RGCs representative 
of their type based on soma size, dendritic field size, stratification , and branching pattern. Arrows indicate axona l 
processes. Inner and outer indicates subtype strat ifyi ng in either sub la mina a (outer) or b (inner) of the in ner 
plexiform layer. In the case of D types, inner and outer indicate the two levels of a bistrat ifi ed dendritic arbor. Scale 
bar= 100 µm . 
2 - 11 
Chapter 2 I Intrinsic Physiologica I Properties 
These data support the prior classification schemes with 16 types but do differ in some 
of the quantitative details with regard to IPL stratification . In most cases, our data and those of 
previous studies agree upon which iPL sublayer(s) (51-55) contains the majority of each cell's 
dendrites. Differences were observed, however, for C2 and C4 cells. While our data and those 
of Huxlin & Goodchild (1997) suggest there are INNER (>40% IPL depth) and OUTER (<40% IPL 
depth) subtypes, this differs from Sun et al. (2002) where both subtypes fall within the inner 
IPL (40-100% depth). The level of dendritic stratification in the IPL is highly predictive of the 
centre sign of a RGC's receptive field (Schiller, 2010). Ganglion cells whose dendrites stratify in 
the outer 40% (Inner nuclear layer (IN L) boundary to 40% depth in the I PL) a re consistently 
OFF-centre, whereas cells whose dendrites ramify in the inner 60% (40% depth to the ganglion 
cell layer boundary) a re consistently ON-centre. Cel Is which a re bi-stratified in both 
sublaminae or have dendrites that ramify at the boundary between them are well known to 
have ON-OFF centre receptive fields. We have therefore included our predictions as to centre 
sign in Table 2.1. 
Other morphologies were encountered occasionally, but as we did not record enough 
for a complete classification, we have chosen to leave them out of this report. 
2.4.2 Passive membrane properties (Resting membrane potential, Input 
resistance, Time constant) 
To characterize the passive membrane properties of each RGC type we injected small 
hyperpolarizing currents to avoid activating or inactivating voltage dependent currents. 
Resting Vm varied somewhat among the different rat RGC types, ranging over 13 mV from -54 
mV (Al) to -67 mV (B4, Figure 2A; Table 2.2) . 
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Table 2.2 Intrinsic physiological properties of rat retinal ganglion cell types. 
Cell type n Vm (mV) Max Freq (Hz) 55 Freq (Hz) FA SW (ms) -c (ms) RN (MO) Sag (mV) 
Al 3 -54 70 31 0.55 1.73 24.5 264 -7.0 
A2i 4 -62 165 50 0.69 1.08 11.9 121 -7.5 
A2o 21 -59 204 55 0.72 0.85 9.5 98 -4.0 
---------~-.......... ---- -- ------ ----- -- - - ~-~----- -------~ 
Bl 3 -61 30 20 0.32 1.84 48.5 678 -3.7 
B2 8 -65 105 34 0.64 1.73 37.6 391 -2.5 
B3i * 1 -54 39 24 0.38 1.34 31.2 451 -4. 1 
B3o 4 -65 74 29 0 .50 1.88 34.1 468 -3.5 
B4 11 -67 87 38 0.51 1.96 50.9 647 -2.3 
·---------------------------------------- --················································· · ··········--- --- --- -- ------ ---- ------ ---- -- ---------- -- -------- ---- --········· · ··· · ······ ··· · · ·----
Cl 4 -61 137 53 0.61 1.53 24.1 233 -8.4 
C2i 6 -59 114 53 0.49 1.67 19.8 281 -9.3 
C2o 14 -63 120 40 0.63 1.44 22.3 348 -5.4 
C3 4 -61 102 42 0.59 1.53 26.5 454 -4.3 
C4i 3 -60 62 32 0.45 2.57 34.2 333 -4.9 
C4o 15 -62 136 45 0.60 1.73 32.7 384 -2.9 
------------------- ------------ --- ------- ------ --- ------- -- ----- --- --------- --- --- ----------- --- ----- --------------····· · ······· · ······ · ·········· · ··· ·· · ··· ··---- --- --- -- -- -- ------ ------ -- ---
Dl 7 -66 103 42 0.53 1.84 31.2 357 -1.7 
D2 17 -61 135 63 0.51 1.64 25.4 290 -8.4 
------ - -- - -- - -- ---- -- - ---- -------------------- ---- --------- --- -- -- - -- -------------------------- · 
ALL 125 -56 101 40 0.53 1.69 30.2 379 -4. 8 
n: number of sample; Vm: membrane potential ; Max Freq: maximum f iring rate ; SS Freq : steady-state firing rate ; FA : 
frequency adaptation index; SW : spike width; -r: time constant; RN: input resistance; Sag: rectification of V m back 
toward rest ing level in response to hyperpolarizat ion. 
In contrast, RN and t varied more than five-fold among the different cell classes (Figure 
2.2 B, C) . A2o cells had the lowest mean RN (98 MO), while Bl cells had the highest (677 MO). 
As expected, the cellular t exhibited similar variability among the different RGC types (Figure 
2.2 C), which was very closely related to RN (Pearson ' s r = 0. 78). Where A2o cells had the 
lowest RN they also had the shortest t (9.Sms), while B4 cells had the longest t (50 .9ms). 
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Figure 2.2 Passive membrane prope rt ies. A) Average resting membrane potential {Vm) for each rat RGC type. B) 
Average input resistance {RN). C) Average time constant (-r) . Error bars in this and all subsequent figures represent 
standard error of the mean {SEM) unless otherwise specified . Horizontal axes : Rat RGC type . 
As A2 and B4 types represent some of the largest and smallest RGC types in the rat 
retina it is possible that both RN and 1 are determined largely by cell size. To get an estimate of 
how closely these variables are related, we plotted these data for all RGCs recorded (Figure 
2.3) and calculated the correlation coefficient for each distribution. 
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Figure 2.3 Cell size partly accounts for variance in passive properties. A) Variation in input resistance (RN), and B) 
time constant (-r) with dendritic field size for all ret inal gangl ion cells. There is a smal l negative trend in both RN (r = -
0.46) and 1 (r = -0.47) w ith dendritic field size, suggesting that other variables (e.g. leak conductance) also play a 
large role in defining these parameters . 
Both plots in Figure 2.3 demonstrate negative correlations of RN and 1 with increasing 
cell size as was expected. These relationships, however, account for only a small fraction of the 
variance in the data (Pearson's r = -0.46 (RN), -0.47 (1), p < 0.001). Thus, RN and 1 are indeed 
related to cell size, but it is clearly not the only defining variable. Differences in leak 
conductance(s) as well as spontaneous synaptic input contribute to baseline RN and 1, but 
these variables were not measured here. 
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2.4.3 Responses to depolarizing currents {Spike width, Maximum firing rate, 
Steady-State firing rate, Frequency adaptation index) 
After characterizing each cell's passive membrane properties we injected a series of 
depolarizing pulses to elicit action potentials {Figure 2.4). Each panel in Figure 2.4 displays the 
spiking activity of a single cell, representative of its type, in response to three levels of current 
injection: near threshold, maximum and a current level halfway between these values. There 
were several features common to all rat RGC types. First, the data demonstrate that all rat 
RGCs are capable of repetitive spiking throughout a 400 ms pulse. In addition, all RGC types 
exhibited decreasing firing rates during the course of a 400 ms pulse, most similar to the 
Regular Spiking {RS) pattern originally described for cortical neurons {Connors & Gutnick, 
1990). None of the cells we recorded exhibited the increasing firing rate characteristic of Fast 
Spiking {FS) neurons, nor did they exhibit bursting behavior similar to Intrinsically Bursting {IB) 
cells (but see Responses to Hyperpolarizing Currents below). 
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Figure 2.4 Spiking patterns of rat ganglion cell (RGC) types. Representative responses of a single cell from each 
RGC type to different levels of depolarizing current injected for 400 ms. Number next to each trace indicates 
current amplitude {pA}. The traces for each cell type are organized as follow : at threshold (bottom}, midrange 
(middle}, maximu m rate (without resulting in spike blockade) (top) . All rat RGCs were capable of repetitive spiking 
and exhib ited patterns similar to those of 'Regular Spiking' neurons with varying amounts of frequency adaptation . 
In addition, most RGC types also exhibited spike amplitude reduction over time, while some were clearly resistant to 
th is even at very high spike rates (e .g. Dl, D2) . Vertical scale bar, 50 mV; horizontal scale bar, 400 ms. 
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Quantification of the spike waveforms generated by the different RGC types yielded 
clear differences (Figure 2.5). Spike width for each cell was measured by averaging the full 
width at half height of 15 or more spikes generated either spontaneously or from injection of 
near threshold depolarizing current. 
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Figure 2.5 Active membrane properties. A) Average spike width for each retinal ganglion cell (RGC) type (ms) . B) 
Average maximum and steady state firing rate during injection of maximum ampl itude depolarizing current for 400 
ms. C) Average frequency adaptat ion (FA) index exhibited by each RGC type. 
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Spike width ranged from 0.9 ms generated by A2o cells up to 2.5 ms characteristic of 
C4i cells, with much variability in between. Statistical analyses demonstrated that while A2i 
and A2o spike widths were not significantly different, they both differed significantly from 
most of the remaining cell types (Kruskal Wallis H (125) = 64.2, p < 0.05). No significant 
differences were found among the other cell classes. 
In addition to spike width, the patterns of action potential generation also varied 
dramatically in the population . Consistent with their short action potentials, A2 cells were also 
capable of generating the highest firing rates (Figure 2.5B; A2i = 166sp/s; A2o = 204 sp/s). In 
contrast, B1 cells were the slowest RGC type to generate action potentials (30 sp/s). 
Correlation analysis demonstrated that spike width did exhibit a negative correlation with 
maximum firing rate (Pearson's r = -0.67, p < 0.001) and steady-state firing rate (Pearson's r = -
0.53, p < 0.001L suggesting that numerous factors play a role in defining firing rate. 
Moreover, RGC types differed in how well they could sustain their maximum firing rates. 
To quantify this, we calculated the steady-state firing rate (frequency) by averaging the last 
three spikes elicited during a 400 ms depolarizing current pulse and calculated the frequency 
adaptation (FA) index: 
FA= Initial Frequency Steady- State Frequency 
Initial Frequency 
The resulting index ranges from O (no change in spike rate) to 1 (indicating a decrease in 
firing rate during the current pulse). As mentioned previously, all RGC types exhibited firing 
patterns similar to RS cortical neurons (Connors & Gutnick, 1990L and as such all types had 
positive values of FA index (Figure 2.5C). The FA index also varied among the RGC population 
with B1 cells being the best at maintaining their maximum frequency (FA= 0.32) while A2 cells 
exhibited the greatest reduction in firing rate during stimulation (FA = 0.72). Correlation 
analyses demonstrated a clear positive relationship of maximum firing rate with the strongest 
reduction in spike frequency over 400 ms (Pearson ' s r = 0.87). Differences among RGC types 
were also observed in their propensity for action potentials to reduce in amplitude throughout 
the pulse. Where most RGC types exhibited a slow reduction in spike amplitude during 
repetitive spiking (e.g. Figure 2.4: B3i, C4iL D1 and D2 cells showed little such reduction, even 
at maximum spike rates. 
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2.4.4 Responses to Hyperpolarizing Currents {Sag, Ramping, Rebound bursting) 
Figure 2.6 shows the responses of the different rat RGC types to the injection of 
hyperpolarizing current pulses. Individual cell types exhibited the presence of several different 
active membrane properties below voltage threshold. Many cell types exhibited varying 
degrees of anomalous rectification in response to hyperpolarization, also known as (/sag" (e .g. 
Figure 2.6: Cl, D2). To quantify the amount of rectification observed, we measured the 
positive shift in Vm back toward the resting level when the peak hyperpolarization reached -85 
mV during 400 ms pulses of negative current (or linearly interpolated when -85 mV was not 
exactly reached). This difference can be observed by comparing the responses of C3 and D2 
cells. Where D2 cells demonstrate a clear sag in Vm even above -85 mV, rectification only 
occurs in C3 cells when they are substantially hyperpolarized beyond -85 mV. Among the RGC 
types, C2i cells exhibited the most sag (9 mV) while Dl cells had the least, exhibiting nearly no 
sag at all. Following the termination of hyperpolarizing pulses, many cells exhibited a 
subsequent overshoot of the resting Vm, which was capable of generating action potentials. 
Rebound bursting could be elicited in cells that had either substantial sag (e.g . Figure 2.6: B3o) 
or no sag at all (e.g. Figure 2.6: B3i, C2o, C4o), suggesting different mechanisms for their 
generation. 
Finally, in a minority of RGCs we observed a phenomenon opposite to bursting - a clear 
lengthening of the time it took to return to resting Vm after hyperpolarizing pulses. This was 
most easily observed when the resting potential was held at -85 mV and depolarizing current 
injections were introduced (Figure 2.6: B4*). Small depolarizing current pulses charged the 
membrane passively. Larger pulses, however, led to a process that held Vm lower than would 
be predicted by passive charging, followed by a slow depolarizing ramp of Vm until the pulse 
ended. 
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Figure 2.6 Retinal ganglion cell (RGC) responses to hyperpolarizing current injections. Recordings of individual 
RGCs representative of their morphological type responding to negative current injections of varying amplitude. 
RGC types differed greatly in their responses to hyperpolarizing currents . Where many cells hyperpolarized in a 
fairly linear manner with current amplitude (e .g. B3i, C4o) most RGC types exhibited non-linearit ies. In many cells 
this took the form of anomalous rectification of membrane potential (Vm) back toward the resting potential (sag, 
e.g. A2i , D2) that began well positive of potassium equilibrium potential (EK). In other cells, only very large 
hyperpolarization close to or beyond EK led to a very slow rectification (e .g. Al, C2i) . At current offset, the majority 
of cell types responded with an overshoot of Vm leading to rebound spiking. When held at negative membrane 
potentials and injected with a series of depolarizing pulses, some cells (e .g. 84*) exhibited clear ramping of the Vm. 
Vertical scale bar, 20 mV; horizontal scale bar, 200 ms. 
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2.4.5 Is centre sign predictive of intrinsic properties? 
Recently, much has been made of differences in the physiological properties of ON and 
OFF RGCs (Margolis & Detwiler, 2007; Margolis, Gartland, Euler, & Detwiler, 2010; Sekirnjak et 
al., 2011). As morphological reconstruction of individual cell types was not a priority in these 
studies, it is unclear how much of the RGC population was sampled in the species studied. 
While our data cannot directly compare the intrinsic properties of ON, OFF and ON -OFF cells, 
we can make predictions about centre sign based on their IPL stratification. We have therefore 
categorized each RGC type on the basis of its dendritic stratification pattern and denoted them 
as: INNER (40-100% depth, Al, A2i, B2, B3i, Cl, C2i, C3, C4i; n = 33), OUTER (0-40% depth, A2o, 
B3o, C2o, C4o; n = 54), or BISTRAT (both sublaminae or at the boundary, Bl, B4, Dl, D2; n = 38) 
and compared their properties statistically. 
Figure 2.7 compares the passive properties (Vm, RN, -r) of INNER, OUTER and BISTRAT 
RGCs. Comparing the means in all three plots, it is interesting to note that INNER and OUTER 
cells seem more similar to one another than either is to the BISTRAT class. To determine if the 
three classes had significantly different passive properties, we applied the conservative non-
parametric Kruskal-Wallis H test to the data and determined that significant differences do 
exist between the groups. Where resting Vm varied somewhat among the individual cells 
recorded, no significant differences were observed between the three cell classes (Figure 
2.7A). Significant differences in both RN (Figure 2.7B; H(2) = 9.72, p < 0 .01) and T (Figure 2.7C; 
H(2) = 14.34, p < 0.01.) were observed between BISTRAT and OUTER classes, but INNER cells 
were not significantly different from either of the other two classes. 
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Figure 2.7 Average passive membrane properties of INNER, OUTER and BISTRAT retinal ganglion ce ll classes . A) 
Average resting membrane potential (Vml- B) Average input resistance (RN) . C) Average time constant (-r). 
Significant differences in the means are indicated by comparator bars (p < 0.01) . Overall INNER and OUTER cel ls are 
more sim il ar to each oth er than they are to BISTRAT cells. 
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2.4.6 Active properties of INNER~ OUTER and BISTRAT classes 
In contrast to passive properties, comparing the active properties of INNER, OUTER and 
BISTRAT classes suggests that in most cases INNER and BISTRAT cells are more similar to each 
other than either are to OUTER cells (Figure 2.8). The active intrinsic physiological properties 
of the INNER, OUTER and BISTRAT cells were also found to be significantly different for some 
variables. OUTER RGCs generated the fastest action potentials on average (Figure 2.8A; X = 
1.33 ms, o = 0 .54 ms) and were significantly faster than both INNER and BISTRAT RGCs . OUTER 
RGCs also generated spikes at higher maximum frequencies than either INNER or BISTRAT 
RGCs. (Figure 2.8B, black bars; X = 148 sp/s, o = 87). Note, however, that the steady-state 
firing rate for all three classes was nearly identical (Figure 2.8B, grey bars). This led to the 
observed significant difference in FA index for OUTER and BISTRAT cells (Figure 2.8C). Finally, 
while a clear trend was present in the data for OUTER cells to have the least anomalous 
rectification when injected with hyperpolarizing current pulses, this did not reach significance 
{Figure 2.8D). 
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2.4. 7 Species comparison 
The axons of RGCs represent the final common output of the information processing 
that occurs in the mammalian retina. Each individual type of RGC is believed to encode a 
different aspect of the visual scene. To do so, it must sample from the appropriate synaptic 
partners, express appropriate neu rotra nsm itter receptors, and have an appropriate 
complement of ion channels. Since the task of vision is considered to be similar among many 
mammalian species, it is expected that some RGC types might be conserved across these 
species. For example, the alpha cell, which was originally described in cat retina (Boycott & 
Wassle, 1974}, has subsequently been identified in more than 20 other mammalian species 
(Peichl, 1989; Peichl, Buhl, & Boycott, 1987; Peichl, Ott, & Boycott, 1987) including primates 
(Crook, Peterson, Packer, Robinson, Gamlin, et al., 2008; Crook, Peterson, Packer, Robinson, 
Troy, et al., 2008; Petrusca et al., 2007), based on its characteristic morphology and physiology. 
The characteristic light-evoked responses of cat alpha cells including centre -surround 
organization, sensitivity to low contrast stimuli and non-linear spatial summation have also 
been observed in alpha ganglion cells of rabbits and macaques (Amthor, Takahashi, & Oyster, 
1989; Cleland, Levick, & Wassle, 1975; Crook, Peterson, Packer, Robinson, Troy, et al., 2008; 
Enroth-Cugell & Robson, 1966). Since the alpha or Y-cell is believed to play the same functional 
role in these species, might it be that its biophysical properties are also conserved? In our 
analysis we have taken the approach that close morphological similarity between species likely 
indicates similarity in visual function(s) . Therefore, are the intrinsic properties also conserved 
in morphological homologs or is this unnecessary? 
We set out to answer this question using the hierarchical clustering technique. 
Hierarchical clustering methods calculate the linear distances between individual RGC types 
using all variables and then proceed iteratively, clustering together at each iteration those RGC 
types that are most similar. To make comparisons across species, however, we needed first to 
normalize each species' data set. To preserve quantitative differences among the cell types 
within a species, we calculated the z-score for each cell type based on its sample mean and the 
mean for all RGC types. This allowed us to preserve the relationships among the cells within a 
species, but dissociate their actual values to perform the cluster analysis. For example, the 
mean RN of the cat alpha cell was previously reported as 31.3 MO (O'Brien, et al., 2002} while 
the average rat A2 cell is more than 3 times this value (102 MO. In contrast, the z-scores are 
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both the lowest among all the RGC types tested in each species (cat alpha: -1.16, rat A2: -1.86) . 
This methodology avoids the cluster analysis making spurious links between cell types based 
upon absolute values and instead concentrates upon their relative rank among the RGC types. 
The results of the cluster analysis are presented in Figure 2.9. Table 2.3 lists the known 
morphological types of cat RGC to date, their predicted rat RGC equivalent based on 
morphology, and the closest ranked rat RGC type(s) based on their intrinsic properties. 
Table 2.3 Rat and cat RGC homologs. 
Cat Rat Cluster Result 
Alpha A2 A2 
Beta B2 
Delta C2o C2o, C3 
Epsilon C3 C2o, C3 
Zeta B4 Bl, B4 
Eta C4o Al 
Theta D1 
Iota D2 Al 
Kappa Cl C4i 
Lambda Bl C2o,C3 
Homologous retinal ganglion cell types present in cat and rat retina as predicted by morphology and cluster analysis 
of intrinsic properties are shown . 
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Figure 2.9 Cluster analysis. A ) Dendrogram of median linkage cluster analysis . Cat retinal ganglion cell {RGC) types 
are listed in italics. Data from A2i and A2o were combined to be comparable with the cat alpha cell data . Left : RGC 
categories that have characterist ic patterns of intrinsic properties. " Rapid spiking" cells have very short action 
potentials and are able to sp ike at high rates . "Tight" cells have very high in put resistance {R N) and long time 
constant ('r). " Depolarization" cells have an elevated resting membrane potent ial {Vml- " Large Sag" cells exhib ited 
responded to hyperpolarizing steps with a clear rectification in Vm greater than most other RGC types. " Long 
spiking" cells generate extremely long action potentials . The remaining cells in the purple group " Other'' are 
clustered together as the ir intrinsic properties are close to the mean in almost all categor ies. Head to head z-score 
comparisons of B} cat alpha and rat A2 cel ls. C} cat zeta and rat B4 cells . In B} and C), they both demonstrate a 
remarkably simil ar pattern of intrinsic properties . In contrast, very little sim ilarity was found between the predicted 
morphological equ ivale nts of D} the cat beta cell and the rat B2 cell and E) the cat iota cell and rat 02 cell . 
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For some cells, the cluster analysis yielded very clear correspondences. For example, 
the cat alpha and rat A2 cells (INNER and OUTER varieties combined) were clustered together 
early in the analysis and remained independent for many more cycles before cat beta cells 
were added (Figure 2.9A). The striking similarity in the intrinsic properties of these two cell 
types was quite obvious when plotted together on a histogram (Figure 2.9B). Similarly, the cat 
zeta cell was found in the cluster analysis to be most similar to the rat B4, then the Bl cell. The 
histogram illustrating the data obtained from these two cell types was also strikingly similar 
(Figure 2.9C). In contrast, the cat beta cell was not clustered with any rat RGC type until nearly 
the end of the analysis when it was added to the rat A2 and cat alpha cell cluster. The 
predicted morphological equivalent of the cat Beta cell, the rat B2 cell (Huxlin & Goodchild, 
1997; Sun, et al., 2002), showed almost no similarity when plotted together on a histogram 
(Figure 2.9D : beta and B2). The cluster analysis also confirmed morphological predictions for 
the cat delta (rat C2o) and epsilon (rat C3) cell types, but completely disagreed with predictions 
for the two direction selective (DS) cells, cat iota (rat D2, ON-OFF DS) and kappa (rat Cl ON-DS) 
cells. 
In addition to comparing the intrinsic properties of morphologica l homologs, the 
cluster analysis also demonstrated that the array of intrinsic physiological properties we have 
characterized is useful when used independently to classify RGCs. While the analysis was not 
capable of identifying individual morphological types independently, it did generate six 
categories (labeled as Rapid Spiking, Tight, Depolarized, Large Sag, Long Spike and Other) each 
with characteristic intrinsic properties. These categories are indicated in Figure 2.9 by the 
adjacent labels. The 11 Rapid Spiking" cells exhibit very short action potentials and high 
frequency spiking. In contrast, the 11 Long Spike" cells generate action potentials much longer 
than most other RGC types . The 11Tight" cells have unusually large RN and long 1. These cells 
should therefore be among the most sensitive to fluctuations in synaptic input. The 
"Depolarized" cells had a resting Vm more depolarized than other RGC types . Whether this is of 
biophysical or synaptic origin is not yet established. " Large Sag" cells exhibit greater sag in Vm 
when hyperpolarized, most likely indicating greater expression of Hyperpolarization-activated 
cation current (l h), The remaining "Other" cells had intrinsic properties that were not easi ly 
separable . The z-scores for each cell type are presented in Table 2.4, and organized in the 
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same fashion as in Figure 2.9A. Thus, while the intrinsic properties alone are not capable of 
differentiating each morphologically defined RGC type, they can narrow it down significantly. 
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Table 2.4 Retinal ganglion cell categories identified by cluster analysis. 
Category Cell type Vm RN "[ SW Max Freq SS Freq FA Sag 
C2o -0.52 -0.20 -0.75 -0.70 0.45 0.01 0.89 0.22 
(3 0.09 0.51 -0.35 -0.43 0.03 0.13 0.56 -0.24 
Epsilon -0.56 -0.77 -0.67 -0.62 0.27 0.25 0.65 -0.85 
Lambda -0.12 -0.38 -0.52 -0.11 -0.12 -0.31 -0.21 -0.38 
Other Delta 0.91 -0.33 -0.35 -0.64 0.15 0.35 0.16 -0.42 
B2 -1.00 0.08 0.70 0.13 0.10 -0.49 1.00 -0.99 
01 -1.22 -0.15 0.09 0.42 0.05 0.17 -0.02 -1.33 
C4o -0.26 0.03 0.24 0.11 0.82 0.45 0.61 -0.83 
B3o -0.99 0.60 0.37 0.53 -0.61 -0.89 -0.36 -0.55 
Kappa -1.16 -0.15 0.52 1.46 -1.13 -1.01 -1.32 0.93 
Long Spike C4i 0.25 -0.31 0.38 2.45 -0.90 -0.66 -0.86 0.02 
Theta -0.49 0.07 -0.09 0.58 -0.28 -0.63 1.40 1.75 
·-------------- ------------ ---- ---- ----------------------- ------------------------------------------------------------------------- ---------- ------------------------ -- -- --- --------- -- -
C2i 0.57 -0.65 -0.99 -0.04 0.31 1.03 -0.44 1.87 
Large Sag 02 -0.04 -0.59 -0.45 -0.12 0.79 1.90 -0.20 1.49 
Cl 0.12 -0.98 -0.58 -0.44 0.85 1.08 0.76 1.47 
Eta 0.71 0.29 0.17 0.24 -0.67 -0.46 -0.70 0.18 
Depolarized Iota 1.11 0.17 0.21 0.54 -0.66 -0.82 -0.95 1.34 
Al 1.89 -0.76 -0.54 0.11 -0.72 -0.76 0.18 0.90 
B3i 1.96 0.48 0.10 -0.96 -1.44 -1.31 -1.51 -0.33 
·------·--·------------------------------------- .---- -------~--------- -- ---~ ----------------------- ~- ~---~-~------------------------------- ------------------- --
Zeta 1.28 2.56 2.42 1.28 -0.59 -0.75 0.16 -0.85 
Tight B4 -1.47 1.79 1.97 0.75 -0.31 -0.19 -0.28 -1.07 
Bl 0.18 2.00 1.74 0.43 -1.65 -1.65 -2.09 -0.49 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------- · 
Rapid Alpha 0.01 -1.16 -1.35 -1.48 2.44 1.94 1.64 -0.74 
A2 0.43 -1.86 -1.93 -2.22 2.26 1.18 1.76 -0.13 Spiking 
Beta -1.69 -0.30 -0.33 -1.25 0.60 1.45 -0.83 -0.96 
Values are z-scores of rat and cat RGC intrinsic physiological properties underlying the categorization by the cluster 
analysis. Cat RGC types are shown in italics. 
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2.5 Discussion 
This study has produced two major findings of interest : rat RGCs vary extensively in 
their patterns of intrinsic physiological properties between anatomically distinct cell types, and 
morphologically homologous RGC types in different species may or may not have conserved 
intrinsic properties. 
2.5.1 RGC morphological types 
The cells we observed in this study compared quite closely with those reported 
previously (Huxlin & Goodchild, 1997; Sun, et al., 2002). Our data support the classification 
scheme of Sun et al. (2002) as characterizing the vast majority of RGC types present in rat 
retina. On occasion, we did encounter some RGCs not included in this classification but they 
were indeed rare. Although not reported in the paper associated with this chapter, data was 
collected from 4 cells whose exact type was not identifiable. Their morphologies indicated that 
they were not of the common types. An example is shown in Figure 2.10. 
Figure 2.10 The confocal image of a ' rare' type retinal ganglion cell. Its morphology is different from those shown 
in Figure 2.1. 
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Direct comparisons of the morphological parameters we quantified for each RGC type 
with those published previously were largely similar, with some exceptions. Due to the nature 
of our experiments requiring displacement of the ILM and ganglion cell axon fibers to allow 
whole cell recording, most of our cells were recorded in more peripheral locations. Cleanly 
removing the ILM close to the optic disk is made difficult because the large number of fiber 
bundles. As a result our data over represents the periphery. However, as has been shown 
previously for rat RGCs (Huxlin & Goodchild, 1997), there is only very little change in soma or 
dendritic field size with eccentricity. 
Comparing IPL stratification of RGC dendrites among the three studies would seem to 
indicate substantial differences. It is our considered opinion that the quantitative differences 
observed among the studies are largely artifactual due to the assignation of an entire dendritic 
field to a single % depth. While we would concur that the majority of RGC types are indeed 
monostratified, this does not mean that individual dendrites do not waver up and down within 
the IPL by more than a few percent. Thus, when an entire cell's dendritic field is characterized 
as occupying a single% depth, on the basis of a small number of local dendritic measurements, 
something is missed. This may be the root of the differences in stratification when comparing 
our data with prior studies. When compared with the data of Huxlin a-nd Goodchild (1997} our 
stratification data are numerically different but nearly all cells are found within the same 
sublaminae when broken down into the traditional 20% strata (Sl-SS}. Our stratification 
results were overall similar to those of Sun et al. (2002} in large part, with exception to types 
C2 and C4 where our data suggest INNER(> 40% depth) and OUTER(< 40% depth) subvarieties. 
This is similar to the Huxlin & Goodchild (1997} description for C2 cells; C4 cells were not 
identified as a separate cell type in their study. Finally, some differences we observed may be 
due to the strain of rat used. Where both Huxlin & Goodchild (1997} and Sun et al. (2002) used 
albino rat strains (Sprague Dawley) we chose to use the pigmented Long-Evans strain. 
2.5.2 Intrinsic physiological properties 
Rat RGCs exhibited a wide variety of intrinsic physiological properties that were 
correlated with their morphological type. Statistically significant differences among RGC types 
were found among both passive (RN, -r) and active properties (spike width, maximum and 
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steady state frequency, FA index, anomalous rectification). In addition, we carefully evaluated 
previous claims of statistical differences among RGCs grouped by their likely receptive field 
centre sign (ON, OFF, ON-OFF) through extensive sampling of all RGC types. Clear differences 
were observed between our OUTER and BISTRAT cells for most variables, both passive and 
active. Differences between INNER and OUTER cells were also observed but in most cases did 
not reach significance. It would appear that INNER cells are more similar to BISTRAT cells than 
OUTER cells for most variables, but we make this claim cautiously as INNER cells formed the 
smallest sample among the three groups, so sampling bias may have influenced the statistics. 
Collectively, our data demonstrate that intrinsic physiological properties of RGCs will indeed 
shape their responses to synaptic inputs and ultimately limit the information that can be 
transferred. 
The differences we have observed in the intrinsic physiological properties of RGCs are 
ultimately attributed to many factors including their morphology (Fohlmeister & Miller, 1997; 
Sheasby & Fohlmeister, 1999) and the complement of ion channels expressed by each cell 
type. While our data cannot unambiguously identify which channels are present in each cell 
type, the intrinsic properties we have observed do allow us to predict the relative abundance 
of certain types of ion channels expressed. In addition, when examined in the context of RGC 
light evoked responses, we begin to understand how the intrinsic properties are tuned to 
enhance certain aspects of a cell's light response. 
Our data demonstrate nearly a 10-fold difference in the RN measured among our 
sample of rat RGCs. Differences in cell size accounts for a portion of this variability (Figure 2.3), 
but ionic conductances must also play a role . Since we did not introduce pharmacological 
agents to effect synaptic blockade, the origin(s) of these conductances could potentially be 
intrinsic to the cell or could also arise from tonic synaptic activity or their combination. Our 
data demonstrate that, like cat alpha cells (O'Brien, et al., 2002), A2 cells have the lowest RN 
and are the largest of all rat RGC types, and should therefore have the greatest input 
capacitance (CN), Since the cellular t represents the product of these two parameters (t = RNCN), 
and A2/alpha cells also have the fastest t of all RGC types, it would seem that their passive 
properties have been tuned to effect a rapid response to synaptic input, despite their large 
size. This optimization for speed, however, would decrease the alpha cell's relative sensitivity 
to an equivalent synaptic input to other RGC types, yet they would appear to be among the 
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most sensitive cells to visual contrast (Kaplan & Shapley, 1986). This apparent paradox implies 
that A2/alpha cells have either increased synaptic input relative to other RGC types or possibly 
also employ active dendritic conductances to enhance their sensitivity (Dhingra, Freed, & 
Smith, 2005; Velte & Masland, 1999). Whether retinal cells receive the same number of 
synapses per linear micrometer of dendrite is a matter of some disagreement in the literature 
(Erikoz, Jusuf, Percival, & Grunert, 2008; Jakobs, Koizumi, & Masland, 2008). Indeed, it has 
been reported that smaller RGCs actually receive a proportionally greater number of excitatory 
inputs than larger RGCs (Jakobs, et al., 2008). Further experimentation will be required to 
disentangle these implications. 
On the other end of the spectrum, the rat B4 cell is very small, has nearly the largest RN 
and the longest T of all RGC types, a pattern similar to that found for the cat zeta cell (O'Brien, 
et al., 2002). These data would imply this cell type would be among the most sensitive of all 
RGCs to synaptic input. As for the cat zeta cell, the B4 cell exhibits ramping of Vm in response 
to subthreshold depolarizing current. This behavior is indicative of the presence of a slowly 
inactivating voltage-gated potassium (K+) current (1 0 ), a current that activates below spike 
threshold, originally described in hippocampal neurons (Storm, 1988) and previously observed 
in isolated RGCs (Barres, Silverstein, Corey, & Chun, 1988; Lukasiewicz--& Werblin, 1988; Sucher 
& Lipton, 1992). The presence of 10 has been demonstrated previously to boost responses to 
repeated subthreshold stimuli (Storm, 1988). In the retinal context, this would suggest that an 
initially subthreshold flickering stimulus in the B4 cell's receptive field could eventually evoke a 
response. Thus, the expression of 10 could further enhance the sensitivity of B4/zeta cells. 
Some evidence to support this idea has been observed in rabbit local edge detector cells, a 
possible homologue of the B4/zeta cell (van Wyk, Taylor, & Vaney, 2006). 
In all our recordings, adult rat RGCs were capable of repetitive spiking and exhibited a 
variable amount of frequency adaptation similar to the Regular Spiking pattern originally 
described for cort ical neurons (Connors & Gutnick, 1990). The differences we observed in 
frequency adaptation among different RGC types may be due to the differential expression of 
calcium-activated K+ (Kea) channels. These channels are well known to play a role in frequency 
adaptation and have been shown previously to be present in mammalian RGCs (Lipton & 
Tauck, 1987; Wang, Robinson, & Chalupa, 1998; Weick & Demb, 2011). The high FA index 
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exhibited by A2/alpha cells may bias the temporal properties of their well-known 'transient' 
light responses to standing contrast {Cleland, Levick, & Sanderson, 1973). 
In addition to frequency adaptation, many RGC types exhibited a clear reduction in 
spike amplitude over the course of a 400 ms depolarizing current pulse. Prior studies have 
demonstrated that cat RGC types vary in their rate of voltage-gated sodium channel {VGSC) de-
inactivation (Kaneda & Kaneko, 1991; Wang, et al., 1997). As repetitive spiking continues, this 
would lead to an increasing proportion of inactivated VGSCs and hence a reduction in spike 
amplitude. It has been demonstrated previously that the alpha subunits of VGSCs are 
differentially expressed among RGC types {Boiko et al., 2003; Guenther, Schmid, Reiff, & 
Zrenner, 1999; Miguel-Hidalgo, Snider, Angelides, & Chalupa, 1994; O'Brien et al., 2008; Oesch 
& Taylor, 2010; Skaliora, Scobey, & Chalupa, 1993). Depending upon which VGSC subunits are 
expressed in each RGC type, this may define which cells exhfbit amplitude adaptation and has 
also been implicated to underlie contrast adaptation (Kim & Rieke, 2003; Weick & Demb, 
2011). 
Hyperpolarizing current injections into RGCs implicated the presence of at least two 
other ion channels that are differentially distributed among RGC types. During hyperpolarizing 
pulses the amount of membrane potential 'sag' back toward the resting potential varied 
extensively among the different RGC types (Figure 2.6). Positive to potassium equilibrium 
potential (EK), the nonspecific cation current known as lh is well known to play a major role in 
the generation of sag (Araki, Ito, & Oshima, 1961; Ito & Oshima, 1965; Pape, 1996) and has 
been previously identified in RGCs {Lee & Ishida, 2007; Mitra & Miller, 2007a, 2007b; O'Brien, 
et al., 2002; Tabata & Ishida, 1996; Van Hook & Berson, 2010). Offset of hyperpolarizing 
current injections also led to overshoot of the resting Vm and the generation of a burst of 
action potentials. In cells where there is clear sag during the pulse, this is at least partially due 
to the slow inactivation of lh, which turns off with kinetics similar to those at onset. In some 
cells, however, a rebound burst was observed when no sag was present during the pulse. This 
is most likely due to activation of low threshold calcium currents {Mitra & Miller, 2007a, 
2007b). Act ivation of such currents accelerates repolarization of the membrane potential and 
le ads to a similar overshoot of the resting Vm. In contrast to activation of lh, however, 
act ivation of low threshold calcium currents is much shorter lived and results in a very short, 
in tense burst by comparison. 
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2.5.3 Species comparison 
The second major finding relates to the conservation of intrinsic physiologica I 
properties of homologous morphological RGC types across mammalian species. Cluster 
analysis suggested that rat A2 RGCs were very similar to cat alpha cells while rat 84 and cat 
zeta cells were also similar (Figure 2.9). Given such varied environmental niches for the two 
species, it seems likely that the intrinsic properties of these four cell types are very important 
for cellular information processing and may indeed be fundamental for vision generally, not 
just their specific ecological niches. If so, then we should expect that recordings of the 
homologous RGC types in other mammalian species would yield similar findings. 
By way of contrast, the intrinsic properties of the D2/iota cell morphological 
homologues are not at all similar between rats and cats. From these data we can conclude that 
either the intrinsic properties of these two cell types are irrelevant to the visual behavior of the 
animal, or that these morphological homologs subserve somewhat different functions in the 
two species. Interestingly, the cat beta cell does not appear to have a homolog in rat retina 
with respect to intrinsic physiological properties. Indeed, the cluster analysis revealed that the 
cat beta cell is more closely related to the cat alpha and rat A2 cells than any other cell type 
(cat or rat). Given the beta cell's other similarities to cat alpha and rat A2 cells (e.g. ON & OFF 
subclasses, central alpha and peripheral beta cell morphological similarities, spike generator 
properties (Robinson & Chalupa, 1997)), we propose that the beta cell first arose in 
mammalian evolutionary history as a cell type duplication event. A behavioral advantage of 
higher resolution and an ability to recognize form without motion may then have shaped the 
modern beta cell's dendritic and receptive field properties. Clearly, this speculation would 
require careful examination of multiple species in the phylogenetic hierarchy. 
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3.1 Abstract 
Different types of rat RGCs generate dissimilar action potentials (spikes) due to the 
complexity of the site of origin and the heterogeneous compositions of the ion channels. The 
spike shapes and firing behaviors vary among the types. The subtle variations among spikes 
can be studied by looking at the plots of temporal derivatives of the membrane potentials. 
Furthermore, by transforming the spike into a phase plot we can study the events that are 
independent of the time course, such as the firing of a spike when the membrane potential 
reaches a threshold. In this study, we extracted 11 parameters from the spike shape, the 
derivative and the phase plots. We used factor analysis to explore the number of possible 
hidden variables, so that we can evaluate the possibility of using the observed parameters to 
form a linear regression model. We concluded that a four-factor model is adequate for 
usefully classifying RGC types . 
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3.2 Introduction 
The retinal ganglion cells (RGCs) collect mostly analog signals from the preganglionic 
neurons that represent different aspects of visual information. These signals are encrypted 
into action potentials (spikes) with a wide range of shapes, frequencies and patterns {Coombs, 
Curtis, & Eccles, 1957; Kuffler, 1953), for review see {Bean, 2007). Different types of neurons 
generate spikes with a similar all-or-none mechanism, however, spikes are intrinsically 
different due to the complexity of the site of origin and the direction of propagation. The spike 
shapes and firing behaviors vary substantially among different types of rat RGCs. We had 
looked into some of the characteristics of the spikes and their firing behaviors in 16 
morphologically defined RGCs types previously (for details see Chapter 2). However, the subtle 
variations among the spikes cannot be seen at a glance. 
Spikes originate in a region called the axon initial segment {AIS), for review see {Kole & 
Stuart, 2012), which is densely packed with heterogeneous sodium channels and is located 
proximally 30-50 µm from the soma {Boiko et al., 2003; Coombs, et al., 1957; Hu et al., 2009; 
Stuart, Schiller, & Sakmann, 1997). The diversity of the ion channel properties and locations 
make spike generation a variable non-linear process. Some obvious time-dependent 
information of the spike can be visualized and understood, such as the spike width. However, 
some properties are difficult to interpret by inspection of the time course alone. For example, 
all-or-none spike generation is triggered by the membrane potential {Vm) reaching an 
operationally defined threshold . The Vm is mainly affected by 3 types of ions: sodium ions 
{Na+), potassium ions (K+), and calcium ions {Ca 2+). At threshold, the Na+ channels are activated 
(opened) and later inactivated (closed). These changes of ion channel status allow the ions 
flow in and out of the membrane in the form of trans-membrane ionic currents. The ionic 
currents depolarize (rise) and hyperpolarize (fall) the Vm thus forming the spiky shape of the 
action potential. At the end of the falling phase some K+ channels remain open with an 
accompanying influx of Ca 2+ that drives the Vm to more hyperpolarized levels than the resting 
state (after-hyperpolarization) for a period of time (that includes the absolute refractory 
period), for review see (Rodieck, 1998). By looking at a spike in the time domain, the relation 
of the trans-membrane ionic currents to the changes of the Vm, cannot be easily pinpointed. 
Therefore it is of interest to facilitate the study of the 'hidden' information from the spikes, by 
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examining the plots of first (dV/dt) and the second (d 2V/dt2 ) derivatives of the Vm versus time, 
and also their phase plots (dV/dt versus Vm) (Fohlmeister & Miller, 1997; Jenerick, 1963; Kress, 
Dowling, Meeks, & Mennerick, 2008; Meeks & Mennerick, 2007). These plots reveal 
independent (uncorrelated) information from the RGCs, which are sometimes more 
comprehensive. For example, the heterogeneous compositions of voltage-gated channels in 
different RGC types affect the slopes of different spike shapes during the rising phase (Hu, et 
al., 2009; Meeks & Mennerick, 2007). 
The wide variety of ion channels leads to diverse ionic conductances in the membrane, 
which correspondingly alter the spike shape, firing frequencies and firing patterns. Conversely, 
we can study the trans-membrane ionic currents and conductances that lead to different spike 
shapes and firing behaviors. Nevertheless, the spike shape is not apparently correlated to the 
firing behaviors (Connors, Gutnick, & Prince, 1982; McCormick, Connors, Lighthall, & Prince, 
1985). Spikes initiated at the AIS propagate orthodromically away from the soma, and also 
travel antidromically back to the soma, therefore the somatic spikes recorded sometimes have 
an obvious small hump in the phase plot at the rising phase before the large hump, for review 
see (Bender & Trussell, 2012) (see also Figure 3.28) . This small/first hump corresponds to the 
onset of a low threshold axonal spike initiated at the distal end of t19e AIS (Hu, et al., 2009; 
Palmer & Stuart, 2006). The existence of axonal spikes is sometimes not clearly recognizable 
from the spike shape and perhaps is too small in the phase plots, but it is certainly prominent 
in the derivative plots (Figure 3.3). 
Phase plot trajectories are used to portray dV/dt versus Vm, in which the rate of change 
of Vm at different Vm can be clearly studied . The fine details, such as the spike initiation 
threshold at which the Vm changes rapidly (rvlO mV ms-1) (Naundorf, Wolf, & Volgushev, 2006), 
can be easily evaluated from these plots. The first derivatives show the rate of change of the 
ion currents which indicate the activities of the ion channels. The second derivatives make the 
characteristic of the initial segment-soma dendritic (IS-SD) break become more obvious. The 
recorded somatic $pike is a complex of axonal and somatic spikes. The IS-SD break is the time 
between the two peaks in the second derivative plot, corresponding to the maximum rate of 
change of the two humps in the phase plot (Figure 3.3). The small deflection at the rising 
phase of the spike presumably reflects an attenuated axonal spike as it spreads back along the 
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axon hillock into the soma (Coombs, et al., 1957; Kress, et al., 2008; Meeks & Mennerick, 
2007). 
The studies reported here were primary concerned with eleven parameters that were 
extracted from: 1) the spike shapes, 2) the dV/dt versus time, 3) the d2V/dt2 versus time, and 4) 
the phase plots. We would like to know if these parameters can be used to classify the 
different rat RGC types. It is reasonable that the eleven parameters are not completely 
independent, indeed it is likely that they are determined by a smaller set of hidden variables . 
We used factor analysis to explore the number of possible hidden variables and their 
correlation with the observed parameters. Correlations between the estimated hidden 
variables (factor scores) and cell features like putative receptive field attributes and cell types 
(e.g. dendritic stratification: INNER, OUTER, and BISTRAT, see Chapter 2 for details) are also 
examined. An advantage of factor analysis is that much of the noise in the measurement of 
the original parameters is split into the unused factors, and so is removed from the data. 
3.3 Materials and Methods 
This chapter is an extension of Chapter 2 and uses the same raw dataset. Please see 
section 2.3 for ethical approval, detailed experimental methods and data recording 
procedures. Briefly, whole-cell patch clamps were made to record rat RGCs (n=125) responses 
to intracellular stimulation. The stimuli contained a series of current steps each of 400 ms 
duration. The recording period was 1 second with 3 seconds rest in between repetitions. All 
recorde d RGCs were morphologically classified into 16 types (see Chapter 2 for details). 
3.3.1 Data Analysis 
Individual spikes were extracted and analyzed with custom -made LabVIEW programs 
(National Instruments, 2010 and 2011, USA) from the maintained discharges (spontaneous 
spike trains) or spike trains with minimum current injections ("'10-30 pA) that were close to 
threshold (i .e. one or two spikes elicited during the 400 ms current injection period). For each 
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RGC, an average spike was computed from at least 15 single spikes that were aligned to the ir 
peaks (Figure 3.1). Generally, the individual waveforms of each RGC spike were homogeneous 
in shape when evoked by the same amount of current. 
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Figure 3.1 An example showing 15 spikes temporally aligned to their peaks. A representat ive sp ike is computed by 
averaging the aligned sp ikes. 
The phase, the dV /dt and the d2V /dt2 plots of each of the average sp ikes were plotted 
by OriginPro (Originlab, 8.6, USA) and Matlab (Mathworks, 2012a, USA). A total of 11 
parameters were extracted from the spike shapes (n=S) and the phase plots (n=6). The full 
descriptions of the 11 parameters are given in Table 3.1 and Figure 3.2. 
Table 3.1 Brief descriptions of the 11 parameters measured from the spike shape and the phase plot. 
Short 
Type Fu ll Paramete r Name Brief descriptions 
Name 
1: rise Rise time (10-90%) (ms) The time required for Vm to change from 10% to 90% of the max Vm 
Spike 2: max Max spike amplitude (mV) Vm peak referenced to the resting potential (baseline) 
sha pe 3: rnin Min aher-hyperpolarization amplitude (mV) Vm nadir referenced to the resting potential (baseline) 
4: diff Absolute amplitude difference (mV) Max - Min (mV) 
5: ratio Ratio of Min to Max Min/ Max 
6: break IS-SD break presence of the axonal spike, time between the two peaks ind 2V/dt 2 plot 
7: thres Voltage threshold (mV) Vm at dV/dt = 10 mV/ms 
Phase 8: dMax Max dV/dt (mV/ms) highest rate of change of Vm 
plot 9: dMin Min dV/dt (mV/ms) lowest rate of change of Vm 
10: tVM Time_VM Time from voltage threshold to max dV /dt (ms) 
11: slope Slope at threshold (1/ms) Slope of the three data points at threshold 
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Figure 3.2 Anatomy of a spike and a phase plot. Parameters are described in Table 3.1. A) A spike with a general 
shape, where the membrane potential (Vm) rises (depolarizes) from the baseline (resting potentia l) and then fal ls 
(hyperpolarizes) . The Vm drops to below the baseline to a minimum potential (after-hyperpolarization potent ial , 
AHP) and gradually reinstates to the resting level. B) A phase plot with a small/first hump (red four-po int star) 
indicating the presence of the axonal spike. The second hump (blue five-point star) denotes the somatic spike . The 
threshold (green triangle) is where dV /cit approximately equals 10 mV /ms . 
The hump in the phase plot denotes the presence of the axonal component of the 
spike. The evidence is clearer in the two peaks seen in the derivative plots (Figure 3.3) . The 
peaks in the dV /dt plot represent the maximum rates of change of the Vm at the AIS and the 
soma respectively . In the d2V /dt 2 plot, the first peak indicates the maximum rate of Na+ 
channel recruitment at the AIS. Once the threshold is reached, spikes will propagate from the 
AIS in opposite directions. The antidromic axonal spike takes some time (IS-SD break) to 
propagate to the soma and affect the somatic ion channels. The second peak shows the 
maximum rate of Na+ recruitment at the soma (Coombs, et al., 1957; Kress, et al., 2008; Meeks 
& Mennerick, 2007). The time between the two peaks in the d2V /dt2 plot is generally more 
discern ible than the two peaks in the dV/dt plot. 
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B ~·· 
1 ms 
Figure 3.3 Comparison of two different spikes in three plots. The plots demonstrate the membrane potential {Vm) 
(i.e . the spike), and the first {dV/dt) and second (d 2V/dt2 ) derivatives of Vm over time. The plots have been scaled for 
eas ier observation . The insets show the associated phase plots {dV/dt vs. Vm). The time coordinate is the implicit 
parameter, increasing clockwise . A) Plots from a Cl RGC. The existence of an axonal spike is not clear in the Vm plot 
but the two peaks in both the dV /dt and d2V /dt2 plots show its presence. The first hump in the phase plot also 
makes evident the axonal spike . The IS-SD break is defined as the time difference between the two peaks in the 
d2V /dt2 plot. B) The plots from a B4 RGC have only one hump and one peak, therefore, an axon al spike is 
presumably 'absent' (see Discussion). 
These 11 parameters were evaluated by a principal component analysis (PCA) based 
Factor Analysis in order to estimate the number of uncorrelated factors (i.e. hidden variables}, 
that might be determining the parameters we measured. The estimates of the hidden 
variables, the Factor Scores, were also examined for their correlation with the rat RGC type 
classifications. 
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3.4 Results 
We examined the maintained discharges (spontaneous spikes) that cells fired in the 
absence of a stimulus. However, some RGCs did not fire spontaneous spikes. Therefore, in 
those cases, we injected a minimum amount of current {10-30 pA) that was close to the 
threshold to obtain one or two spikes in each recording. Figure 3.4 shows exemplary spike 
shapes from the 16 RGC types . Each example spike was the average of at least 15 spikes. Five 
related parameters were extracted from the spike shape and are recorded in Table 3.2 . 
!L N 
10 ms 
A1 A2i A2o B1 
-43.7"7 
B2 B3i B3o B4 
-40.4"7 -37.9"7 -42.1~~ 
-43.1 ~ 
C1 
-44.3~~
20 C2i 
-39.5"7 _____ l---
C3 
C4 i C4o 01 02 
-47.1 ~ 
Figure 3.4 Example spike shapes for the 16 morphologically defined rat RGC types. Each panel shows a 
representative spike (an avera ge of at least 15 spikes fro m th e same RG C) of a rat RG C type. The arrow s ("7 ) 
indicate the rest ing poten t ials . 
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The phase plots of these spikes are shown in Figure 3.5. The cross inside each phase 
plot indicates the origin (0, O). In general, the phase plots contained either one or two humps. 
In some cases the first humps were perhaps too small to recognize, therefore the derivatives 
plots were used in order to visualize the peaks. In cases where there were two peaks in the 
d2V/dt2 plot (i.e. two humps}, the IS-SD breaks were measured. The numbers of phase plots 
that had the IS-SD breaks were recorded in the column 'm' of Table 3.2 (also Tables 3.4 and 
3.5). There were 6 related parameters measured from the phase plots (Table 3.2). 
25mV/ms L 
l O rnV 
+ (0.0) A1 
B2 
C1 
A2i 
C2i 
C4o 
A2o B1 
B3o B4 
C2o C3 
02 
Figure 3.5 Phase plot samples of the 16 morphologically defined rat RGC types. Each panel contains a phase plot 
transformed from the corresponding spike in Figure 3.4. The crosses(+) denote the origin {O, O) of the plots. Some 
of them have very obvious double humps caused by axonal (first hump) and somatic (second hump) spikes (e.g. B2 
and C1), and some of the phase plots had only one hump from putative, simultaneous axo-somatic spikes (e.g. B3i 
and C4o). 
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All the 11 parameters extracted are listed in Table 3.2. The values were listed as 
means with standard deviations in the parentheses. Some of the values were clearly 
distinguishable within the individual parametric groups. For example, the rise times of B type 
cells were all larger than the rest of the RGC types. 
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Ta ble 3. 2: Spike shape and phase plot parameters of rat RGC types. 
Pha se Plot 
Cell type n rise (ms) max (mV) min (mV} diff (mV) rat:io . in break (ms) ·th res (mV) dMax (mV/ms} dMin (mV/msl tVm ·(ms) slope (ms/\-1) 
Al 3 1.22 {0.38) 59 .6 (8.44) -7 .21 (4.31) 66.8 (12.5) 0.11 (0.05) 2 0.32 (0.08} -38.3 {0.86} 75 .6 (14.1) -42.3 (9.77} 0.75 (0.11) 4.51 (1.45) 
A21 4 1.03 (0.45) 57 .8 (11.7) -4.48 (2.06) 62.3 (12.2) 0.08 (0.05) 1 0.26 (0) -38.2 {2.73} 98.2 (24.6) -57.8 (16.6} 0.55 (0.08) 6.14 (2.17) 
. _._ A.:?'? .. _ .. _ .... P ........ 9.-_8:6_ {q: ~.Ql_ _____ ~~:~J~_q:} ) ___ __ -~ 5 :.~?. _( ~-.~})_ .. -~·~ .. _o_ (_~_o_._?l __ 9--.9~: _(9: q3_) _. ~~ . 9: 3_ ~. (q:9~}. -~~~:'.q t~:.1_5 )._ . _. ~~?. } _·(~_q:~t .. ____ -~~~=~-t?_f?_._~ )_ __ __ .9_._5_8_ .( o_._?:~J . _. _ -~---~.?..( ?_}?.1 .. . 
Bl 3, 3.51 (1.44) 53 .8 {6.59} -5 .16 (2.96) 59 .0 (8.37) 0.10 (0.05) 1 0.17 -39.9 {1.18} 48.6 (7.35) -26.8 {6 .37} 0.85 (0.22) 2.50 {0.84) 
B2 8 3.91 (2.43) 53 .8 (10.1 ) -6 .93 (5.19) 60.7 (13 .1) 0.13 {0.08) 2 0.41 (0.05} -39.1 (1.15} 56.3 (12.2) -40.0 {11.3} 0.77 (0.26) 3.91 (1.64) 
B3i* 1 4.05279 61.043413 -7.039837 68.08325 0.11575 7 0 0 -36.70197 89 .351646 -49.103634 0.6625 2.503536 
830 4 3.07 (1.20) 58.5 (13.6) -5 .80 (1.55) 64.3 (12.6) 0.11 (0.04) 1 0.56 (O) -39.8 {2.40} 61.8 (11.6) -38.6 {8.89} 0.78 (0.21) 3.20 (0.81) 
-- -- -- ~~-- _ -- -- -- . _ -~·~· _ ·- ·-. ~: ~?. . (~._3 _8). ..... 6_1:.?. J?.: 7-q) _. _ ... ~~ '.~~ _ (~'.~~)-. _ ~?} _ (7. '. ~~) _. 9}.~_ tq_.g_~'l ... ~-~--~}.?J.9::9.81_} _9_. ?. H.:~ 7-} .... ?.?·_5_ (2_4-·.?l .. __ . _ .-_4_2/i _( ~?:~} .... -~'. ~? .(9: '?~)-·-. _ ~: ~~ J~}~) __ --
Cl 4 1.12 {0.33) 62 .0 (9.24) -6.37 (4.80) 68.4 (9.87) 0.11 {0.08) 3 0.31 f.0.08} -39.9 {2.56} 77.6 (12.8) -51.7 (10.6} 0.66 (0 .07) 6.19 (2.38) 
(2.i 6 1.79 {0.58) 56 .7 (6.82) -6.41 (2.69 ) 6,3 .2 (6.76) 0.12 (0,05) 2 0.42 (0 . .01} -38.0 {0.96} 70.2 (22.9) -46.4 {12.9} 0.80 (0.30) 4.89 (1.92) 
C2o 14 1.76 {1.34) 61. 5 (12.6:1 A .37 (4.44) 65 .8 (14.4) 0.07 {0.06) '9 0.36, (0.07} -41.7 (3.59} 89 .7 (31.2) -55.5 {23.S} 0.75 (0.22) 5.68 {1.87) 
C3 4 1.14 {0 .32) 54.3 (7.60) -2.45 1:3.51) 56.7 (10.6) 0.04 {0.05) 2 0.37 (0.06} -38.7 (1.16} 72.2 (16.7) -39.9 (14.8} 0.78 {0 .36) 5. 00 {0.66) 
C4i 3 2.24 {0.82) 63 .9 (14.3) -7 .16 (5.84) 71 .0 (10.2) 0.14 {0.14) 1 0.44 {O) -41.6 {3.18} . 61.3 (1.86) -36.3 {11.3} 1.01 {0.30) 3.40 (1.70) 
.... C~o .......... -15 ...... 2._03 {1.40) _____ 59 .1_ (8.04) _____ -6 .. 13_ (_3. .94) __ 65 .2 (8.80) _ 0.11 {0.07) _,_9' ... 0.35 . (O.OS} __ -39.8. (2.49} ____ _75 .1 _( 26. 7) _________ -45.8_ (1'6, 1} ____ 0.91 (0 .57) ____ 4.86 (2. 14J .. .. 
Dl 7 1.60 {1.13) 63 .6 (3.72) -4 .45 (4.61 ) 68.1 (7.93 ) 0.07 (0.07) 6 0.33 (0.09} -40.6 {2.10} 81.4 (16.2) -43.4 (l0.4} 1.48 (1.17) 6.14 {1.44) 
___ D2 ___ ___ 17 ___ 1.57 (1.13:I __ 61.0 (9.42) __ -7 .09J 2.81) _68 .0 (10.1)_ 0.12 {0 .05) _ 9 _ 0.35 (0.08) -40.0 {1.72} _. 78.3 (31. 9) ___ -54.1 (22.2} __ 1.13 (1.26) __ 5.25 (1.95) _ _ 
ALL 125 1.85 {1.47) 60.8 (10.4) -5.31 (3.93) 66 .1 (11.0) 0.09 {0 .07 ) 64 0.34 (0.09} -40.4 {3.06} 87.4 (39.7) -53.9 {25.5} 0.86 (0.67) 5.28 {2.25) 
' I 
*O nly one record for B3 i; 11: number of sampled ce lls; m: nu rn ber of samples that had w.ro hu mps; brief paramet er descript ions can be fou nd in Table 3.1; val ues are mean 
(sta ndard deviat ion) . 
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We converted the whole set of 11 parameters into a set of uncorrelated principal components 
with PCA. The inputs were the means for each cell type to insure that the parameters for each 
class were well measured . We then converted the means to z-scores to reduce the effects of 
the different scales of some of the parameters. The four largest components account for 90.5% 
of the variance (and the remaining 7 factors 9.5%, Figure 3.6A) and so we decided to use them 
for our Factor Analysis, describing them as Fl to F4. We also examined the proportion of 
variance in the original 11 parameters explained by the four-factor model, the communalities . 
The median communality was 93 .3%. Hence the four-factor model seemed to account for all 11 
parameters very well (Figure 3.6B). 
A Variance per Factor 
50 
40 
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(..) 30 C 
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I > 20 ~ 0 
10 I 
I 
I 
0 
0 2 4 6 8 10 
Factor Number 
B Communalities 
100 
"O 
Q) 80 C 
·co 
a. 
X 60 w 
Q) 
(..) 
C 
40 C'O 
·;:: 
C'O 
> 
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Cell Parameter 
Figure 3.6 Rationale for a four-factor model. The Factors represent the major axes of var iation in the data, sorted 
from grea t est to sma ll est (i .e. ordered by %Variance) . A) The pro portion of the 11 parameters accounted for by the 
major axes of va ri at ion (factors}, the first factor (Princi pal Component Analysis component) accounts for 42% of the 
data . B} The proport ion of the variance of the original 11 parameters expla ined by a factor model conta in ing just the 
four largest factors (Fl to F4} . All the variables are well accounted for by the model except perhaps the threshold 
value (thres) and the t ime to Vmax (tVM} . 
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We then calculated Factor Scores as estimates of the hidden variables, and then 
compared these with the cell types. Specifically, we examined the correlations between the 
Factor Scores and the original parameters (Table 3.3). For example the first factor (Fl) was 
mainly correlated with the spike rise-time (r2 = 0.906), the IS-SD break (r2 = 0.847), and the slope 
at threshold (r2 =0.832). 
We also examined the correlation between the Factor Scores and two sets of cell 
classifiers: a quite related retinal layer classifier with the categories INNER, OUTER, BISTRAT; and 
a cell-type classifier with four categories A to D. The retinal layer classifier was based on 
dendritic stratification and gave the categories: (INNER - Al, A2i, B2, B3i, Cl, C2i, C3, C4i; OUTER 
- A2o, B3o, C2o, C4o; and BISTRAT - Bl, B4, Dl, D2) (for details see Chapter 2; INNER: 40-100% 
depth; OUTER: 0-40% depth; BISTRAT: bistratified or at boundary "'40%). For the cell type 
classifier: A included Al, A2i, A2o; B included all the B subtypes, and so on. 
F3 was correlated with cell-type (A to D) at r2 = 0.61 (p=0.01), and was mainly associated 
with max and min dV/dt (dMax, dMin), and time to max dV/dt (tVM). F3 was also correlated 
with retinal layer, but with marginal significance (p=0.07). There were no other significant 
correlations between the factors and the cell type classifiers. Interestingly Fl, the largest of the 
factors with its 42% of the variance, was not useful for classifying cells into these categories. 
Table 3.3 Results from Factor analysis. Four uncorrelated factors (Fl to F4) were found. For each component, the 
associated correlation coefficients for each parameter were computed. The scale bar shows the colour code of 
correlation coefficients, colour scaled from O (white, no correlation) to 1 (dark green, perfect correlation). 
Param Fl F2 F3 F4 Scale 
1: rise 0.906 0.094 0.170 0.184 0 
2: max 0.224 0.939 0.118 0.045 0.1 
3: min 0.209 0.124 0.187 0.937 0.2 
4: diff 0.119 0.892 0.033 0.409 0.3 
5: ratio 0.325 0.106 0.215 0.87S 0.4 
6: break 0.847 0.187 0.348 0.135 0.5 
7:thres 0.116 0.642 0.253 0.524 0.6 
8: dMax 0.253 0.448 0.738 0.391 0.7 
9: dMin 0.277 0.449 0.754 0.305 0.8 
10: tVM 0.151 0.333 0.008 0.9 
11: slope 0.832 0.229 0.267 0.303 1 
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Table 3.4 Spike shape an,d phase plot parnmeters of rat RGCtypes a,ccordin,g to their dendlritilc stratmcations. The three defined gro ups i)re putat ive ON (INNER}. OFF (OUTER) 
i) nd ON -OFF (BISTRAT) cells. Va lues i)re mci) n lstan di)rd deviat iorl} . 
Cell type n rise {ms) 
IN NER 33 2.11 (1.73) 
OUTER 54 1.58 (1.30) 
B15TRAT 38 2.01 (1.38) 
max{mV) min.(mV) 
57 .5 (10.2) -5 .98 (4.45 j 
62 .6 (11.2) -4.23 (3 .67} 
61.1 (8.55l -6.25 (3 .39} 
Phase Plot 
diff {mV) raitio m break (ms) thires (mV) dMax (mV/ms) dMin (mV/ms) tVm (ms) 
63.5 (11.6) 0 .11 ,(0.08~ 13 0.33 {0.12) -38 .9 (2 .57) 71.6 (21 .1) -44.9 (14 .1) 0.75 (0 .27) 
66.8 (11.6) 0 .07 {0.06) 30 0.34 (0 .08) -41.5 (3 .45} 105.9 (47.3) -64.6 (30.0) 0 .73 (0 .37} 
67.3 (9.31) 0.11_ (0.06J 21 0 .34_(0.09) -39.9 {.2 .04) 74.8 (27 .4) -46.6 (20.2) 1.12 (1.06) . 
slope (ms"-1) 
4.74 {2.02} 
5 .75 {2.37} 
5.09 {2 .12.1 
Table 3.5 P-value results from the two~tafl t -t est between, the dendritic stratification defin.ed RGC types. P-values tili) t were statistically significant(< 0.05) were hi ghlighted in 
ori) nge. 
S,pikc shape Phase Plot 
t-tert n rise (ms) max (mV) min (mV) diff (mV) raUo m break (ms} thires (mV) dMax (mV/m s) dMin (mV/ms) tVm (ms} slo pe (ms"-1) 
INNER/ OUTER 33 0.143 0.037 I 0.066 0.210 0.038 13 0.213 Liooo 0.000 0.000 l o.754 L 0.039 
INNER/ BISTRAT 54 0 .806 0.125 0.777 0.140 0.985 30 0.271 0 .084 0.585 0 .676 0.047 0.476 
o.so4 I 0.010 I -- -OUTER/ BISTRAT 38 0.139 0.480 0.008 21 0 .953 0 .007 0.000 0.001 0.036 0 .171 
Note: INN ER : Al, A2 i, 82, B3i. Cl, C2i; C3 , C4i ; OUTER : Alo, B3o, C2o, C4o; BISTRAT: Bl, 84, 01, D2 
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Chapter 3 I Spike Waveform Analysis 
Given that the factor analysis highlighted that several variables were heavily loaded 
onto the uncorrelated factors, and that some of these were useful for cell classification, it was 
decided to look at the significance of ratios the original variables when they were grouped by 
retinal stratification. The means (and standard deviations) are shown in Table 3.4. A two-tail t-
test for unequal variances was used to evaluate the statistical significance among the three 
groups (Table 3.5). The p-va lues indicating important differences (p<0.05) are high lighted in 
orange. 
3.5 Discussion 
In this study we examined the spike shapes, their first and second order derivatives, and 
their associated phase plots. Since the Vm were directly related to the voltage-gated ion 
channels, extending the inspection from the time domain to the voltage domain gave us a more 
intuitive assessment of the RGC characteristics. 
We found that just relying on the measured intrinsic properties of the 16 
morphologically defined rat RGC types to classify the cells was inadequ_ate. The exception was 
possibly for cell type (A to D}, where the third factor (F3}, which was significantly correlated (p = 
0.01} with the phase plot parameters with max and min dV/dt (dMax, dMin}, and time to max 
dV /dt (tVM). F3, and its associated parameters, were also somewhat correlated with dendritic 
stratification. The dendrites of the RGCs that ramify throughout the inner plexiform layer (I PL} 
have been reported to be related to the receptive field properties (Nelson, Famiglietti, & Kolb, 
1978). The RGCs stratify in different sublaminae of the IPL and made connections to the bipolar 
cells of the ON and OFF pathways. Therefore, the INNER, OUTER and BISTRAT groups were 
putative ON , OFF and ON-OFF cells correspondingly. Notice that the Bl and B4 cells are not 
strictly morphologically bistratified cells, their dendrites are at the boundary. The currently 
examined parameters did not distinguish the stratification well. 
The second factor (F2) was mainly correlated with the spike shape parameters : 
maximum spike amplitude (max}, and the difference between max and the after polarization 
level (min). At .the very least the factor analysis indicates many of the spike shape and phase 
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plot variables are independent measures. Given that F2 and F3 are uncorrelated this suggests 
that perhaps some set of parameters related to the five mainly associated with F2 and F3 would 
do a better job of categorizing the cells, and this could form the basis of future research. The 
PCA based factor analysis insured that the factors found were orthogonal. There is nothing to 
say that the true hidden variables are orthogonal, they only need to span the space of factors 2 
and 3. We did also attempt an alternative method that yields non-orthogonal factors, a 
maximum likelihood method that produces the best estimate of the correlation matrix between 
the input variables (Reyment & Joreskog, 1996). It produced poorer communalities and so we 
did not pursue it. Alternative methods like Independent Components Analysis could also be 
used in a further investigation. 
The plots we used in this study facilitated the study of rat RGC type classification. 
Parameters such as the thresholds were more recognizable and quantifiable in the phase plot 
with the defined rate of change of Vm, rather than looking at the turning point (so-called the 
'kink') in the spike shape. Visualization of the axon al and the somatic spikes were a lot easier in 
the d2V /dt 2 plot than the spike shape or the phase plots. In addition, from previous study we 
knew that the slope at threshold had a close relationship with the distance of the AIS from the 
soma (Kress, et al., 2008). 
When the RGCs were regrouped into INNER, OUTER, and BISTRAT, the differences 
among them perhaps became more noticeable. The t-tests showed that the parameters 
extracted from the phase plots were very useful {6 out of 11 parameters) for classifying the 
differences between the INNER-OUTER, and the OUTER-BISTRAT groups. These results were 
consistent with the findings in Chapter 2. On the other hand, the INNER-BISTRAT comparison 
was not as outstanding as the others . Only one parameter {tVM) showed significance, however, 
tVM was one of the variables that had a high correlation coefficient with F3 from the PCA. 
Combined with the other parameters, it appears to be a fairly critical component for 
classification of the RGC types in this study. 
From the results in Table 3.2, some of the variations between different RGC types were 
obvious. However, the number of cells showing a two-peak appearance (m) was only half the 
size of the total number recorded (n). The confocal image reconstructions (see Chapter 2, figure 
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2.1) indicated that the majority of the RGCs recorded had axons extending toward the optic disc 
head. Occasionally there were possibly 'missing' or 'damaged' axons that we could not identify 
from the images. One of the protocols that we planned to do but failed to complete (mostly due 
to human error) was to label the AIS Na+ channels with ankyrin-G (Goldberg et al., 2008; Hu, et 
al. , 2009; Kress, et al., 2008). Without staining the AIS, we couldn't measure the distance from 
the AIS to the soma, nor to know if the axon was still intact, or at least if the AIS was still present 
in those recorded RGCs. If we know the distance of the AIS from the soma, we can compute the 
conduction velocity as well. Adding an extra protocol to block the synaptic connections with 
pha rmacologica I agents ( e.g. tetrodotoxi n to block Na+ channels) wou Id cert a inly facilitate 
further trans-membrane conductance studies (Kress, et al., 2008; Meeks & Mennerick, 2007) . 
It is hard to imagine how there could be a soma-dendritic component without an initial 
segment-soma component, under normal conditions. The physical distance between the soma 
and the AIS is only 20-30 microns of a rather large-core cable (axon hillock). There might be 
other possibilities: 1) the somatic and axonal spikes might be simultaneously activated and so 
overlapped ; 2) the axonal spike was present but didn't travel antidromically towards the soma; 
3) the high-frequency response of the recording amplifier was so limited that critical details of 
the waveform have been smoothed out; 4) the time derivatives were i-nadequate to show the 
finer details. 
Another issue was the temperature because the Vm and synaptic activities were 
certainly affected by thermal and kinetic energy. Despite the imperfections in this dataset, 
nonetheless, the parameters found here expanded the dataset for rat RGC type classification by 
using the response of the cells independent of the morphologies. These parameters are st ill 
usefu l for the development of RGC modeling. Ongoing RGC modeling study is being carried out 
with collaborators . 
During this study, it was noticed that some of the cell propert ies varied w ith the amount 
of current being injected . Some of those data suggest candidates with wh ich to expand the 
variable set with independent parameters. One of the most cr it ical factors is the temperature . 
A preliminary study (deta iled not reported here) of 18 RGCs (mixed types ) were conducted afte r 
the normal recordings in room temperature, by changing the temperature to 33°( and repeat ing 
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the whole procedures on the same cell. The results from t -tests showed that there were no 
significant statistical differences in the parameters : rise, min, ratio and break. Nevertheless, all 
the other parameters were significantly affected . Examples showing the effect of temperature 
are shown in Figure 3.7. 
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Figure 3.7 Temperature effects on RGC parameters. Examples of two parameters, minimum dV /dt from waveform 
analysis (left) and time constant from intrinsic properties (right), which are affected by temperature. The horizontal 
axis sh ows the cell types of the recorded cells in the preliminary study. The blue and red curves are data record ed at 
room temperature and 33°( respectively . 
Unfortunately, the 18 cells recorded did not unveil all the 16 common types and in 
particular 5 types (Al, B3i, B4, C4i and D1) were m1ss1ng. The existing data showed that 
temperature is an important variable but as aforesaid, the current dataset on this separate 
aspect was incomplete and thus we need more data to support the findings. In future RGC 
modeling studies, it will be necessary to take account of the temperature as an important 
variable to be investigated. 
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Epiretinal Electrical Stimulation and the Inner Limiting Membrane 
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4.1 Abstract 
In this study, we aim to investigate the difference between the activation thresholds of 
two extracellular stimulating electrode positions: above or below the inner limiting membrane 
(ILM), using rat type-A retinal ganglion cells (RGCs). The objective is to obtain informat ion for 
the design of an epiretinal prosthesis. A pa ir of bipolar stimulating electrodes was placed on 
the retina, one on the surface of the inner retina as a reference electrode, and the other one 
either placed above the inner ret inal surface or penetrating into the ILM. Then we made 
whole -cell patch-clamp recordings from type-A RGCs in an isolated rat retinal whole-mount 
preparation. Across our cell population (n=lS) , we found no significant difference in the 
median threshold stimulus amplitudes when the stimulating electrodes were placed below as 
opposed to above the ILM (p = 0.08). However, threshold stimulus amplitudes did tend to be 
lower when the st imulating electrodes were placed below the ILM (30 µA vs 56 µA). 
Furthermore, in 6 of the recordings it was not iced that single electrical stimulation led to the 
product ion of a closely t imed second spike. 
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4.2 Introduction 
According to the World Health Organization, approximately 20 million people are blind 
due to diseases that cause degeneration of the retina (WHO, 2012}. One of the leading causes 
of blindness is Retinitis Pigmentosa (RP}, which affects more than 1.5 million people globally 
(Hartong, Berson, & Dryja, 2006} . This disease causes progressive loss of photoreceptors and 
thus eliminates vision at the initial step of visual processing in the retina. In addition, RP 
causes degeneration of other neurons in the retina. Approximately 30% retinal ganglion cells 
(RGCs} survive (Santos et a I., 1997; Stone, Barlow, Hu mayu n, de Juan, & Milam, 1992} , which 
carry visual information to the brain via their axons. If we can make use of these remaining 
output neurons of the retina, partial vision recovery may become possible . 
A retinal prosthesis bypasses the signal processing in the retinal network and starts the 
artificial vision by way of other retinal neurons. There are several approaches to the design of 
a retinal prosthesis . Depending on the location of implantation and stimulation strategies, 
they are named differently, for review see (Dowling, 2005). Among these prostheses, the 
epiretinal approach targets surviving RGCs and activates them by the implantation of a 
prosthetic device across the inner surface of the retina. The objective is to directly stimulate 
the RGCs with electrical current so that they generate spike patterns resembling those 
normally evoked by light. This approach is particularly attractive owing to the close proximity 
of the device to the target tissue, which in theory should reduce the threshold for RGC 
activation. Moreover, it minimizes the undesired modulation of other non-s piking pre-
ganglionic neurons in the retina thus preserving the accuracy of the output signal. However, 
placement of a device on the epiretinal surface poses a number of engineering and 
physiological challenges. 
One of the challenges is the uncertainty regarding the relationship between the 
position of the stimulating electrode and the physiological thresholds for efficacious electrical 
stimulation of the target RGCs. This question has received considerable attention, for review 
see (Sekirnjak et al., 2006). The multi-electrode array (MEA) of the epiretinal implant will 
norm a I ly be surgically attached to the surface of the inner retina , close enough to the RGCs in 
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order to ensure that the array is firmly attached and far enough away to assure that the RGCs 
underneath are not damaged. When the MEA, typically encapsulated in a rigid biocompatible 
I 
package, is implanted on the curved retinal surface in a seamless fashion, some electrodes will 
just touch the surface of the inner retina while some other electrodes will penetrate through 
the inner limiting membrane (ILM). 
Here, we are interested in the threshold for activating a RGC in two practical 
stimulating electrode positions, one is at the surface of the inner retina (above ILM) and the 
other is minimally penetrating into the retina (below ILM). The depth of the penetration was 
restricted since the pressure of a deeper penetration into the retina means the M EA may cause 
deformation of the retinal surface and increase the chance of neuronal damage. The 
restriction is associated with the physical size of the stimulating electrode tip. Once 
penetrated, the tip will be located in the ganglion cell layer, i.e. below ILM. 
4.3 Materials and Methods 
4.3.1 Ethical approval 
All experimental procedures were approved by the institutional Animal 
Experimentation Ethics Committee at the Australian National University and were performed in 
strict compliance with the Australian Code of Practice for the Care and Use of Animals for 
Scientific Purposes from the Australian National Health and Medical Research Council. 
4.3.2 Retinal whole-mount preparation 
Whole-cell patch-clamp recordings were made from retinal ganglion cells in isolated 
whole-mount preparations from four pigmented Long Evans rats (Rattus norvegicus) of 11 
months of age. Animals were anaesthetized by inhalation of gaseous isoflurane (5% for 
induction, 3-5% during enucleation) in oxygen. After enucleation rats were killed by 
intracardiac injection of an overdose of lethabarb (sodium pentobarbitone, 150 mg kg-1). 
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After enucleation, each eye was hemisected behind the ora serrata and the vitreous 
body was removed. The resulting eyecup was then dissected into 2 to 4 pieces . The piece of 
retina for a first experiment was isolated from the sclera; others were stored in the culture 
storage with continuous perfusion of oxygenated Ames' medium (Sigma-Aldrich, St. Louis, MO 
USA). The isolated retinal whole-mount was then placed, with ganglion cell layer up, on a 
cover slip, which formed the bottom of a perfusion chamber (RC-26GLP, Warner Instruments, 
Hamden, CT USA). Once in the chamber, the tissue was held in place with a stainless steel harp 
fitted with Lycra threads {Warner Instruments, Hamden, CT USA) and perfused (4-6 ml min -1) 
with oxygenated Ames' medium at room temperature ("'20 °() under normal room light 
condition. The chamber was mounted on the stage of an upright microscope (Olympus 
BXSlWI, Japan) equipped with water immersion lens (20x and 40x). To aid visualization, the 
tissue was trans-illuminated with infrared light (> 700 nm) and viewed on a monitor with 4x 
additional magnification. 
4.3.3 Whole-cell patch-clamp recordings 
Before setting-up a whole-cell recording, we placed the bipolar stimulating electrodes 
so that a target RGC was positioned approximately halfway between them (Figure 4.1). The 
target RGC, a putative type-A (Al, A2i or A2o) was recognizable due to its soma size ("' 20 µm 
in diameter, see Chapter 2, Table 2.2 for details; see also Figure 4.2). Then we made a small 
hole in the ILM and an optic fiber layer overlaid the target RGC. Very often more than one RGC 
was exposed. Whole-cell patch clamping was attempted on the target RGC exposed in the 
opening. Whole-cell current-clamp recordings from retinal ganglion cells were made according 
to standard procedures (Hamill, Marty, Neher, Sakmann, & Sigworth, 1981) using an 
intracellular amplifier (BA-lS, NPI , Germany). Initial pipette resistance ranged between 4 and 
5 MO. The pipette conductance in the bath was compensated with the bridge balance circuit 
of the amplifier. Once the RGC was patched, intracellular stimulation was carried out to 
validate the quality of the patch and healthiness of the cell. A small brief positive current("' 20 
pA) was injected to elicit a spike. The membrane potentials and the spike overshoots of the 
RGC were used to ascertain the health of the spike generating mechanism. A small negative 
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current (~ -20 pA) to verify that the input resistance of the RGC was within the range of the 
target type. In this case, we targeted type-A RGCs with input resistance less than the other 
RGC types, in the range of 98 to 264 MO (see Chapter 2, Table 2.2 for details) {Wong, Cloherty, 
Ibbotson, & O'Brien, 2012). 
Figure 4.1 A demonstration of the configurations of the three electrodes. The two -s-timulating electrodes will be 
placed approximately the same distance away from the target RGC. Then the patch (recording) electrode will make 
whole-cell patch-clamp to the target RGC. One of the stimulating electrodes will be the reference and the other one 
will be placed in the 'above ILM' or 'below ILM' position. 
Non type-A RGCs or unhealthy cells were rejected. An indicator of unhealthy cells was 
chromatolysis, where the nucleus of the RGC migrates to the periphery (Watson, 1968). The 
nucleus was normally observable under the microscope or on the monitor after magnification. 
Figure 4.2 illustrates visualization of a cell. The outline of the nucleus was difficult to recognize 
because of the optical sectioning effect of the microscope optics and the limited quality of the 
camera. In this case the nucleus was considerably larger and it was about half the diameter of 
the cell-body profile and it appeared as a rather smooth region because the deoxyribonucleic 
acid {DNA) was in a finely dispersed state, rather than condensed into chromosomes. The 
nucleus was surrounded by a definitely granular cytoplasm made up of rough endoplasmic 
reticulum and ribosomes: the protein synthesis machinery. Inside the patched RGC, the small 
circle near the _patch electrode was the nucleolus. This was a condensation of nuclear material 
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within the nucleus, often eccentrically located within the nucleus itself (Hughes, 1975). The 
location of the nucleolus also indicated the effect of chromatolysis if there was any. 
Figure 4.2 A putative type-A RGC being patched. Its soma size was a much larger than the RGCs beside it . The 
nucleolus (small disc in the middle of the patched RGC} was observable . It was eccentrically located within the 
nucleus. If there was chromatolysis, it will migrate to the periphery. 
The patch pipette internal solution consisted of (in mM): K-gluconate 115, KCI 5, EGTA 
5, HEPES 10, ATP-Na 2, GTP-Na 0 .25 (mOsm = 282, pH = 7.3} including Alexa Hydrazide 488 
(0.25%} and biocytin-HCI (0.25%}. Resting potentials were corrected for the change in liquid 
junction potential after experiments. No capacitance compensation was employed. 
4.3.4 Bipolar Electrodes and Electrical Stimuli 
Electrical stimuli were delivered by way of a pair of iridium electrodes (MicroProbes for 
Life Science, Gaithersburg, MD USA} fabricated from 125 µm diameter wire insulated with 
Parylene-C. The electrode was tapered (25:1) to a tip diameter of 5 µm and the insulation 
removed to expose 20 µmat the tip (Figure 4.3). The bipolar iridium electrodes with a 5 um tip 
are readily available in the market and made of a well-known recording electrode material. The 
small tip size allows easier penetration into the ILM with minimal damage to the retinal. The 
bipolar configuration was adopted with a view to using the minimum amount of current to 
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activate neurons. We tested the impedance of each bipolar electrode pair by sending a test 
current pulse with known amplitude (typically 1 mA) while the pair is totally immersed in saline 
(1 M NaCl), and measured the resulting voltage from the oscilloscope. Then, we used Ohm's 
law (impedance = Voltage / Current) to calculate the impedance. Resulting electrode 
impedances ranged from 200-300 kO at 1 kHz. The two electrodes forming the bipolar pair 
were typically placed approximately 150 µm apart as shown in Figure 4.1. 
20µm Parylene-C ~ 
5 µm • ·1 ~ 
!..---~=====:J~======;=-
lSOµm 
~ o 
Figure 4.3 Schematic diagram showing the tip profile of the iridium stimulating electrodes (the exposed tips are 
shown shaded in gray) . 
Before obtaining a whole-cell patch recording, the stimulating electrodes were 
positioned by way of a micromanipulator (MP-325, Sutter Instruments, Novato, CA USA) such 
that the tips and the target cell's soma were approximately collinear. The target cell soma was 
centred between the tips of the two stimulating electrodes (Figure 4.1). One electrode served 
as the reference electrode . The other electrode was placed either above the inner retina 
(above ILM) or penetrated through the ILM (below ILM). The coordinates shown on the 
micromanipulator monitored the depth of the penetrat ion. The penetrating electrode was set 
on the holder controlled by the micromanipulator with an angle of 30 degree. Since the ILM is 
elastic, the penetrating electrode was pushed 'hard' into the inner retinal surface until 
punctured through the ILM. After penetration, the electrode was retracted to relieve the 
strain (Figure 4.4). 
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Figure 4.4 Different positions of the stimulating electrode at the inner retinal surface. A) At the surface . B) 
Penetrating into the surface. The 'arcs' formed at the retinal surface shows the elastic membrane is under pressure . 
C) Penetrated into the surface, and retracted to relieve strain . 
Electrical stimuli consisted of single biphasic charge-balanced current pulses (200 µs 
per phase) of varying amplitude (2-200 µA). There was no inter-phase interval. The cathodic 
pulse was sent first, followed by the anodic pulse with the same amplitude . Each stimulus was 
repeated at least 10 times with an inter-stimulus interval of 3 seconds or more. The current 
range covered the dynamic range (0-100% efficacy) of spike ac6vation. The biphasic 
pulses were used to ensure that the net charge was zero in order to avoid from causing 
any possible damage to the retina by irreversible electrochemical reaction. The RGC were 
automatically filled with florescence dye (Alexa 488 hydrazide) by diffusion from the recording 
pipette during the experiment. This enabled the morphology (cell body, dendritic tree and 
axon) of the RGCs to be recognized and recorded (Figure 4.5) during the live experiment. 
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Figure 4.5 Photograph of the stimulating and recording configuration. Here the patch electrode internal solution 
contains Alexa488 hydrazide dye to enable visualization of the cell morphology. The cell soma is clearly visible 
(bottom of frame), and so are a number of dendrites (centre of frame). One of the two stimulating electrodes is also 
visible (upper right of frame) . The other stimulating electrode lies out of frame, a similar distance below the cell 
soma . For this exposure, the imaging optics was focused on the dendrites, blurring the cell soma, patch pipette and 
stimulating electrode, which lie closer to the objective, such that they appear overly large. 
4.3.5 Data Acquisition and Analysis 
Both the stimulation time and RGC membrane potential time-course were recorded 
with a custom-developed application in a commercially available LabVIEW system (NI USB-
6221, National Instruments, Austin, TX USA). The signals were sampled at 20 kHz with 16-bit 
precision and stored for off-line analysis. 
The efficacy (£) of each stimulus was quantified as the percentage of trials on which 
the stimulus elicited action potentials from the recorded cell, i.e., 
E = ns 
N 
(4.1) 
where ns is the number of trials in which single action potentials at short latency ("'0.5 ms) 
were elicited from the recorded cell and N is the total number of trials. 
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For each cell, the threshold stimulus amplitude was determined by fitting a two-
parameter logistic function to the efficacy data (fitted parameters controlled the position and 
slope of the function at 50% efficacy). We thus defined threshold stimulus amplitude as that 
stimulus amplitude which elicited action potentials on at least 50% of trials. A parametric 
bootstrap procedure was used to generate a distribution of thresholds from which 95% 
confidence intervals were calculated. 
4.4 Results 
Figure 4.6 shows recordings of membrane potential from a representative cell. Figure 
4.6A shows the membrane potential during stimulation with a single biphasic stimulus {42 µA, 
200 µs per phase) at t0 (stimulation start time, t=O). In this recording, the stimulating 
electrodes were positioned above the ILM, touching the surface of the inner retina. The 
stimulus artifact at t0 is clearly identifiable. However, th is stimulus was sub-threshold, failing 
to elicit action potentials on any of the 15 trials. Figure 4.6B and 4.6C show comparable 
recordings of membrane potential from the same cell during stimulation with single biphasic 
stimuli {200 µs per phase) of different amplitudes {51 µA and 70 µA respectively) . As stimulus 
amplitude was increased, the stimulus elicited action potentials with short latency on an 
increasing proportion of trials. In addition, a second spike was elicited from a single electrical 
stimulation. This occurred in 6 out of 15 cells. A potential third spike, in the form of a big 
bump was observed in two of those cells (data not shown here) . The latencies were 
approximately 350 and 400 ms, respectively. However, with only two cells currently available, 
no conclusion cou Id be drawn. Thus, th is additional revelation was not further elaborated in 
the thesis. 
Figure 4.60 shows the efficacy of the stimulus as a function of stimulus amplitude for 
the same cell. Filled circles indicate the efficacy of each of the stimulus amplitudes tested. The 
solid li ne shows a two parameter logistic function fitted to the data, the coefficient of 
determi nat ion , R2 = 0.99, indicating a good fit. The horizontal bar indicates the 95% confidence 
interval fo r the threshold stimulus amplitude . In this case, the current threshold was 53 .8 µA. 
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Figure 4.6 Response of a representative cell to biphasic current pulses (200 µA per phase) delivered via a pair of 
bipolar stimulating electrodes placed above the inner limiting membrane (ILM) . A-C) Membrane potential for 
stimulus amplitudes of: 42, 51 and 70 µA (n=15). As stimulus amplitude was increased, the stimulus elicited action 
potentials with short latency (blue traces) on an increasing proportion of trials. Note that a second spike was 
observed. D) Efficacy of the stimulus as a function of stimulus amplitude for the same cell . Filled circles indicate the 
efficacy at each of the stimulus amplitudes tested. 
We made recordings from 15 putative type-A RGCs (see Discussion). To assess the 
effect of the ILM on the physiological stimulus thresholds of two electrodes at different 
positions, the stimulating electrodes were placed above the ILM in eight recordings, while in 
the remaining seven recordings the stimulating electrodes were penetrated into the ILM. 
Figure 4. 7 A shows efficacy curves fitted to the responses of each cell. In a II cases, R2 of the fit 
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was > 0.96. Blue and red curves indicate placement of the stimulating electrodes above and 
below the ILM, respectively. Figure 4.7B compares the distribution of threshold stimulus 
amplitudes across the two groups of cells (i.e., stimulation above versus below the ILM}. While 
the median threshold stimulus amplitude was lower when the stimulating electrodes were 
placed below the ILM {30 µA vs 56 µA}, this difference was not significant across our cell 
population {Kruskal-Wallis, p = 0.08} . Similarly, we found no significant difference between the 
slopes of the efficacy curves at threshold for the two cell groups (Figure 4.7C; Kruskal -Wallis, 
p = 0.91}. 
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Figure 4 .7 Efficacy curves and threshold comparison . A) Efficacy curves fitted to the responses of each cell. Blue 
and red curves indicate cells for which the stimulating electrodes were placed above and below the inner limiting 
membrane (ILM), respectively . In all cases, R2 of the fit was > 0 .96 . B) Comparison of the threshold stimulus 
ampl itudes for the two groups of cells - blue (above ILM) versus red (below ILM) . Data from individual cells in each 
group are indicated by different shades of blue or red respectively . The dashed blue line indicates the efficacy curve 
for the confirmed A2o retinal ganglion cell. C) Comparison of the slope of the efficacy curves at threshold for the 
two ce ll groups . In B) and C) the horizontal lines ind icate the medians of the distribut ions; the rectangles indicate 
the 25 th and 75 th percent iles and the ~hiskers encapsulate 100% of the data . 
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4.5 Discussion 
The mammalian retina is believed to contain 15-20 different types of RGCs, the 
dendritic fields of each of them tiles the retina, for review see (Masland, 2001}. Each cell type 
is characterized by its anatomical morphology and its functional properties. While the 
morphology of many rat RGC types has been described (Huxlin & Goodchild, 1997; Sun, Li, & 
He, 2002}, a comprehensive survey of their intrinsic physiological properties is complete but is 
limited to 16 morphologically defined types {Wong, et al., 2012) (see also Chapter 2) . It is 
certain that different RGC types in the rat retina exhibit different intrinsic physiological 
properties and it is therefore likely that they will respond differently to extracellular electrical 
stimulation and require different stimulation para meters. The one thing that is conserved 
across different types is the generation of the electrically evoked spikes at the most sensitive 
zone in a band of densely packed voltage-gated sodium channels located within the proximal 
axon (Behrend, Ahuja, Humayun, Weiland, & Chowe, 2009; Fried, Lasker, Desai, Eddington, & 
Rizzo, 2009; Sekirnjak et al., 2008}. This band is also known as the axon initial segment {AIS}, 
for review see (Kole et al., 2008}. The varied composition of the ion channels in the AIS leads 
to the diversity of response to electrical stimulation (Fried , et al., 20091.-
When making our recordings, we have endeavored to target type-A RGCs. This was 
achieved primarily based on their larger soma sizes, and then confirmed by their intrinsic 
properties later. In one of the recordings, we performed three-dimensional confocal 
reconstruction of the cell's morphology. We confirmed this cell as an A2o RGC according to 
established morphological criteria (i.e. , soma size, spatial extent and stratification of the 
dendritic arborization in the inner plexiform layer etc.). Despite this, there was an 
uncomfortably wide range of stimulus thresholds within our cell population . It is plausible that 
some of this variability may be attributable to unrecognized differences in cell type . 
Nevertheless, it is important to consider other sources of threshold variation. 
One of the critical factors will be the relation between the orientat ion of the stimulus 
bi pole and the direction of the target RGC's axon. The st imulus bi pole determines the electric 
field, and thus defines the direction of the current that affects the membrane potent ials. If the 
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electric field is transverse to the direction of the axon, the influence will be minimal as the net 
effect on the membrane potential is close to zero . Membrane potentials will still be altered 
inefficiently since the electric fields are not absolutely straight. On the other hand, the effect is 
maximized if the field is longitudinal to the axon. The electrical field along the axon will 
depolarize the membrane efficiently, and result in a lower stimulation threshold . These 
differences might explain the wide range of stimulation thresholds as showed in Figure 4.7A. If 
that is the case, then the choice of the reference electrode in the MEA of the epiretinal 
prosthesis should closely follow the orientation of the RGC's axon . Apparently, different 
positions would have implications on the threshold from the results of our preliminary trials. 
In order to maintain consistency, the reported cells, the stimulating and the reference 
electrode were always lined up consistently in the same orientation. 
4.5.1 Patch-clamp clamp versus other recording techniques 
We employed whole-cell patch-clamp recordings to observe activation of RGCs in 
isolated rat retinas. This technique has the advantage over extracellular recording techniques 
for providing direct access to the intracellular space of the recorded cell. This in turn facilitates 
filling of the cell with fluorescent dye and subsequent reconstruction of the cell's morphology 
and identification of the cell type. The disadvantage is that there may be some loss of cytosolic 
components of the RGC by diffusion into the pipette. Although it is not the focus of the 
present study, this technique will in future facilitate a more detailed correlation of efficacious 
stimulus parameters with the known RGC types. However, patch-clamp recordings are highly 
selective, yielding information mainly about activation of the recorded cell plus activity of 
neighboring neurons. The extracellular potentials produced by the activity of the neighboring 
neurons were much smaller, compared to the intracellular spike, but knowledge of the 
extracellular potentials generated by closely associated neighbors can be very informative. 
4-16 
Chapter 4 I Epiretinal Electrical Stimulation 
4.5.2 Effect of the inner limiting membrane 
We investigated the effect of the two different positions, above and below ILM, of the 
stimulating electrode on the threshold stimulus amplitude required for activation of RGCs in 
the rat retina. Threshold stimulus amplitudes tended to be lower when stimulating electrodes 
were placed below as opposed to above the inner limiting membrane. However, with our 
small sample, the difference was not statistically significant. It remains an open question in the 
rat model as to whether the stimulating electrode position (above or below the ILM) 
represents a significant impediment to efficacious activation of RGCs by epiretinal prosthesis. 
4.5.3 Two impulses elicited by a single electrical stimulus 
The extracellular electrical stimulation is most likely activating a population of RGCs, 
and possibly neurons other than RGCs, such as the amacrine and bipolar cells. Some of these 
neurons might inhibit the depolarization of the target RGC. It is therefore likely that absolute 
threshold stimulus amplitudes derived from patch-clamp recordings do not reveal the stimulus 
-
required for activation of the visual pathway. Our thresholds are correspondingly higher than 
previous estimates obtained using extracellular recordings from large scale microelectrode 
arrays to characterize activation of rat retina in response to epiretinal electrical stimulation 
(Sekirnjak, et al., 2006). 
Neurons follow the 'All-or-None Law', similar to a nerve or muscle fiber stimulation 
established by Henry Pickering Bowditch in 1871. The 'All-or-None Law' is a principle describes 
the relationship between a single, brief stimulus and the response of a neuron: the spike event 
is a binary function of the strength of the stimulus: either no spike is elicited or a spike of 
maximum amplitude will be evoked. The amplitude of a generated spike is independent of the 
intensity of the inducing stimulus. 
Several groups had shown that a short duration ("'0.1 ms) stimulus elicited a single 
spike from a RGC (Ahuja, Behrend, Kuroda, Humayun, & Weiland, 2008; Fried, Hsueh, & 
Werblin, 2006; Sekirnjak, et al., 2006) . We observed the same phenomenon in our 
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experiments except a second spike occasionally (n=6) appeared after the first spike, in a 'Two-
or-None' fashion (Figure 4.6 A-C). A similar observation was mentioned previously (Sekirnjak, 
et al. , 2006) . Moreover, a third 'spike ' (n=2) was seen in the form of a bump. The "reflected" 
spike was only suggested as a possible exp la nation for the observations. This opinion was 
based on the experimental observations and circumstantial evidences presented in Sekirnjak et 
a I. (2006). At th is stage our hypothesis is not supported by any data but may be worth 
investigating further. 
As we are measuring the membrane potential with current-clamp technique, a 
gigaOhm seal was formed followed by the obvious potential 'j ump' to the resting potential 
after 'break-in'. There is no question that the patch electrode was recording the membrane 
potential of a single RGC. The spike generated has remarkably large amplitude comparing to 
the neuronal activities picked up by the recording electrode from the surround. In other 
words, the second spike is not from neurons other than the one we had patched . When a 
recording is attempted, minimal disturbance was maintained. Any damage to other neural and 
glial elements in the close vicinity may cause abnormalities, such as plasmalemmal defects in 
adjacent cells or axons repairing themselves in cytoplasmic continuity. If unrecognized damage 
occurred, such as two structurally independent elements were 'joined' unexpectedly, then it 
should be recognizable as the spike waveform would change to an unexpected shape. 
The spiking of RGCs under electrical stimulation is a basic property of excitable 
membranes that should be reasonably consistent across species . Similar electrical stimulation 
experiments have been done but they didn't report any second spikes (Jensen, Rizzo, Ziv, 
Grumet, & Wyatt, 2003) . We noticed that the results might arise from a different method of 
tissue preparation . In their experiment, they kept a large portion("' 1 x 2 cm) of the retina, and 
the axons of most of the RGC axons studied were preserved to the optic nerve head. By 
contrast, Sekirnjak et al. (2006) used pieces of retina 1-2 mm in diameter (similar to the size of 
our pre pa rations) . In both cases where a second spike was observed, the u n myelinated 
intraocular axons of all the RGCs would have been transected . We certainly removed the optic 
nerve head . In addition, from past experience (Chapter 2), the confocal reconstructed images 
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confirmed that axons of the RGCs were damaged occasionally. Unfortunately we didn't 
reconstruct the image of the RGCs in this study. 
The spike-interval histograms of spontaneous and the evoked second spikes (Figure 38 
of (Sekirnjak, et al., 2006}} showed a close match of particular time intervals for each of the 
pair. The probability of such matching happening by chance is very low since the intervals in 
the RGC maintained discharge are normally described as a Gamma process (Kuffler, Fitzhugh, & 
Barlow, 1957). In other words, the inter-spike intervals are expected to be 'random' instead of 
'regular'. The fact that an excess of a particular inter-spike intervals appeared in both the 
maintained discharged and electrically stimulated spike trains suggested that the second spike 
was generated by a mechanism that is non-physiological. A possible explanation for the 
second spike was that an impulse was being regenerated at the cut end of the axon after the 
first impulse was stalled there. It would then propagate in the antidromic direction (reflected) 
back to the recorded cell, where it would appear as the second spike. Because conduction 
velocity is the same in each direction, the interval between the first and second spikes would 
be twice the conduction time from AIS to the cut end plus a variable extra time for 
regenerating the second spike at the cut end. This hypothesis is further supported by the 
observed rapid reduction of second spike appearance at stimulus repetition rates faster than 5 
Hz (Figure 7C of {Sekirnjak, et al., 2006}}. It is to be expected that fast stimulus repetition 
would not allow sufficient recovery time at the damaged cut end of the axon to permit the 
possibility of the second/ reflected spike generation. 
There are subtle differences between the shapes of the first and the second spikes. In 
Chapter 3 we had discussed the spike shape revealed the states of the ion channels when a 
RGC depolarized. The inflected rising phase and modest jitter of the second spike indicate the 
second spike was not the product of direct electrical stimulation. The evidence indicates that 
axonal events in the vicinity of the transection are responsible for the observation of the two 
impulses from a single electrical stimulus. It is possible that the second spike is 'reflected' from 
the damaged end of the axon. The reflective spike transverses back along the axon in the 
opposite direction of the original and thus have a different spike shape. A close examination of 
representative. examples of the waveform of the second spike does in fact show a point of 
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inflection on the rising phase of the spike at about the half-amplitude point. This is in 
agreement with the generally accepted notion that impulses propagating in the retrograde 
direction along the axon of an RGC experience a reduced safety factor when invading the 
soma-dendritic compartment. 
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5.1 Abstract 
People with severe retinal degeneration can still retain about 30% of their retinal 
ganglion cells (RGCs). Epiretinal prostheses could therefore bypass the signal processing in the 
retinal network and make use of the surviving RGCs to recreate vision by reconstructing 
realistic outputs of the RGCs with an implant. The reconstructed outputs would be electrically-
evoked responses (ERs) that closely resemble the light-elicited responses (LRs) . It is therefore 
important to know how different types of RGCs respond to electrical stimulation, and if they 
are capable of reproducing ERs that match real LRs. Whole-cell patch clamp recordings were 
made from individual cat RGCs in vitro, with micro-scale nitrogen doped ultra-nanocrystaline 
diamond (N-UNCD) electrodes (200 µm x 200 µm) placed at approximately 50 µm from the 
target RGC for extracellular stimulation. The light stimuli included standing contrasts; moving 
gratings with various contrasts, spatial and temporal frequencies; and videos of naturalistic 
scenes as viewed via saccadic eye movements. A train of asymmetric charge-balanced biphasic 
pulses were then built according to the spike time of the LR for each individual RGC. This 
impulse train was then used to stimulate the same RGC that produced the LR. The expectation 
was that the RGC would reproduce an ER with the 'same' pattern, i.e. a pattern that contains 
the 'same' visual information. We compared the cross-correlation coefficient (r) between the 
LRs and the ERs to determine how well our reconstructions worked. Our data suggested that, 
for example in the naturalistic video response reconstruction, the brisk-transient (BT) RGCs 
(n=17) were more capable of reconstructing the LRs (r = 0.72 ± 0.27), and the brisk-sustained 
(BS) RGCs (n=16) could not (r = 0.35 ± 0.20). There was statistically significant difference of the 
following competency between the BT and BS types (p=0.0001). The OFF-centre BT RGCs had 
the best performance (r = 0.86 ± 0.21). These results we mirrored when LPs and ERs obtained 
to moving gratings were compared. In addition, the BS RGCs were almost completely silenced 
and suppressed by high frequency electrical stimulation. Furthermore, unexpected firing 
patterns were observed approximately 5 seconds after high frequency (400 Hz) stimulation. 
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5.2 Introduction 
Retinal degenerative diseases, such as retinitis pigmentosa (RP} and age-related 
macular degeneration (AMO}, cause progressive loss of photoreceptors . The photoreceptors 
are our input receivers to the visual world, which capture the light entering our eyes and 
convert it into electrical signals. These electrical signals are processed by the retinal network 
and output to the brain in the form of action potentials, also known as spikes. Spike trains 
therefore encode aspects of visual information sent to the higher visual centres in the brain via 
the axons of the retinal ganglion cells (RGCs}. When spikes reach the brain, they are 
interpreted as a dynamic representation of the external visual scene. Once the photoreceptors 
are gone, the retina eventually becomes deafferented and vision is lost. Progressive loss of 
photoreceptors will also trigger remodelling in the retinal network: both changes in neuronal 
structure and large-scale reorganization (Marc, Jones, Watt, & Strettoi, 2003}. Nonetheless, 
post-mortem morphometric analysis of retina of RP patients has shown that there a re retina I 
neurons surviving (RGCs:29.7%; Bipolar cells and others: 78.4%} even with severe 
photoreceptors loss (95.1 % gone) (Humayun et al. , 1999; Santos et al., 1997; J. L. Stone, 
Barlow, Humayun, de Juan, & Milam, 1992). Similar results have been obtained in AMO 
patients: a different degree of retinal degeneration with somewhat greater RGC survival ("'70%} 
(Kim et al., 2002}. 
The idea of a retinal prosthesis is to help people recover vision from blindness, by 
making use of the surviving retinal neurons (Humayun et al., 1996; Rizzo & Wyatt, 1997). One 
approach is to bypass the retinal processing, and directly stimulate the remaining RGCs with a 
device implanted on the inner retina. If these RGCs are still responsive, it may be feasible to 
restore vision to a certain degree by activating them with electrical stimulation. Ideally, if the 
electrically-evoked sp ike tra ins match perfectly with the light-elicited spike patterns, vision 
may be recovered since the brain will receive the 'sam e' signal inputs. 
Substant ial effort has been made in order to understand the retinal response under 
electrical stimulation, for examples see (Cai, Ren, Desa i, Rizzo, & Fried , 2011; Margalit & 
Thoreson, 2006; Seki rnja k et a I., 2006; Stett, Barth, We iss, Haem merle, & Zrenner, 2000; Ye, 
Ryu , Kim , & Goo, 2008 }. Many exper iments have shown t hat RGCs can be excited by 
5-4 
Chapter 5 I Naturalistic Vision Reconstruction 
extracellular electrical stimulation by a prosthesis, for examples see ((rapper & Noell, 1963; 
Fried, Kubow, & Werblin, 2004; Sekirnjak, et al., 2006}. However, the heterogeneity of RGCs 
should not be ignored. The understanding of the cellular response properties of individual 
RGCs is often limited because electrical stimulation is normally carried out with many 
restrictions: physiologically by the cell properties and neuronal interactions in the retinal 
network; and technically by the design of the prosthesis. There are about 20 different types of 
RGCs in human eyes, each having its own physiological properties and response selectivity 
(Masland, 2012) . The receptive field of each RGC encodes a unique representation of its own 
small patch of the visual scene. Relatively, little is known about how these individual RGCs 
respond to electrical stimulation, especially when the retina is simultaneously stimulated at 
many points with a multi-electrode array (MEA). 
It has been shown that a single, short duration stimulus pulse can elicit a single RGC 
spike (Ahuja, Behrend, Kuroda, Humayun, & Weiland, 2008; Cai, et al., 2011; Fried, Hsueh, & 
Werblin, 2006; Sekirnjak, et al., 2006}. When these single pulses are extended into a pulse 
train, less consistent results were seen. Fried et al. (2006} showed that a train of pulses (250 
pulses per second (PPS}} reliably elicited a train of spikes over a one second period. Similar 
results were showed by Ahuja et al. (2008} with a 500 PPS spike train (-duration not specified) . 
By contrast, Sekirnjak et al. (2006} found that some RGCs couldn ' t reliably elicit spikes even at 
100 PPS . A more systematic study was done by Cai et al. (2011) . They showed that brisk-
transient (BT) RGCs cou ld reliably follow a spike train up to 600 PPS while other RGC types 
(directionally selective (DS): ON -DS and ON-OFF DS; local edge detectors; and OFF-deltas) fa i led 
to follow at 200 PPS and above. We need to bear in mind however, that these stimuli were 
applied as a regular train with a fixed inter-pulse period. Therefore, they do not properly 
imitate how the retinas are 'excited ' naturally. 
There are three eye movement classes in general: saccades, pursuit movements, and 
vergence movements, for reviews see (Hoffman & Subraman iam, 1995; Martinez-Conde, 
Mackn ik, & Hubel, 2004; Schutz, Braun, & Gegenfu rtner, 2011) . Sacca des rapidly orientate the 
eye to the focus of interest; pursuit movements track the moving objects in order to keep the ir 
images on the central retinal reg ion (human: fovea; cat: area centralis) ; vergence movements 
adjust the viewing angle of the eyes so that binocular vis ion is maintained, includ ing 
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stereoscop ic (depth ) v1s 1on . Du ri ng natura l saccadic movement of the eyes, that is to say: 
when the eyes are sw itch ing gaze-fi xat ions approximately three times per second and w ith an 
ocu lar rotat ional speed of up to 400 degree per second (App & Delous, 1998) during ea ch 
sw itch , the ret inas w i ll receive different visual input at each fixat ion pause . Furthermore, the 
rap id global shifts themselves in the ret inal image of the natural scene have a sign ifi can t 
excitatory and/or inhibitory effect on the spik ing of the RGCs as a group (Roska & Werb li n, 
2003) . That study reported that certain RGC types are trans iently suppressed during scene 
sh ifts, suggest ing that the inhib it ion of RGCs during encod ing should not be ignored in the 
des ign of the pattern of electr ical st imulation. 
The objective of the present study was to attempt a repl icat ion of the sp ike tra in 
obtained as natura li st ic light-elic ited responses (LRs) , with an electrical st imulus pattern (SP ) 
matching it. To do so, we made a video with an eye tracker device to record a natura l scene, 
together w ith the relative position of the focus of the eye at the scene, w hil e a huma n 
volunteer navigated w ith in the natural environment . The video thus con t ained the act ua l inpu t 
to a substantial patch of the retina for a 14-second per iod . Then we proj ected the video onto 
an iso lated cat retina , recorded the RGC sp ike responses and constructed an electrical pulse 
t rain based on the LR pattern . The test for fide lity was to compare the spike t imings of the 
electr ica lly-evoked responses (ERs) and the LRs . 
5.3 Materials and Methods 
The su btl e correlat ions of th e eye movements and the responses of the RGC were not 
investigated in the prese nt work. In gene ra l, sa ccad es refer to rapi d eye movements that re -
pos ition the ret inal centre to the point of interest. The causes of the movements were not 
examined . The goals of the standing and moving grating tests (see be low) were to map the 
receptive f ield and ident ify the RGC types at th is point . The light stimul i were used to decide if 
the recorded RGC was an ON-cell (ON-centre-OFF-surround ) or an OFF-ce ll (OFF-centre-ON -
surround ), by form ing a qu ick map of the recept ive f ield centre . On ly the recept ive fie ld centre 
component was mapped because that is known to 'match ' to the dendrit ic tree size and shape 
(Pe ich l & Wass le, 1983). The so le purpose of th is study is about the reproduct ion of the LRs of 
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the RGCs when electrical stimulus trains are used. Due to limited resources, adjustments were 
made during the experiment period . Therefore, the protocols are not exactly the same for all 
RGC recordings (see Section 5.3.3). 
5.3.1 Ethical approval 
Methods conformed to the policies of the National Health and Medical Research 
Council of Australia (NHMRC), and were approved by the Animal Experimentation Ethics 
Committee of the University of Melbourne. 
5.3.2 Naturalistic scene video preparation 
The videos containing the naturalistic scenes were acquired with an eye tracker at 50 
frames per second (SMI iView XHED, Germany). A subject was asked to wear the eye tracker 
and voluntarily kept his head stable without using any head-fixation equipment (chin rest, 
forehead pad etc.), while looking at a natural scene. The eye tracker_recorded the direction 
coordinates of the primary line of sight of the subject's right eye during saccadic movements to 
the scene captured by the head-fixed camera on the eye tracker. The eye actually rotates 
around a centre of rotation approximately at the centre of curvature of the posterior segment 
of the eyeball. Therefore, the coordinates of that point do not significantly change during a 
rotation. In principle, the eye tracker output should report the direction cosines of the vector 
that coincides with the primary line of sight of the eye, namely: the vector originating at the 
fovea and passing out through the centre of rotation of the eye and centre of the pupil. A 
convenient reference frame is a head-fixed set of coordinates with the origin corresponding to 
the centre of rotation of the eye. The direction cosines are calculated from images captured by 
a head-fixed camera showing displacements of features at the front of the eye (e.g. outline of 
pupil or outline of cornea) that move as the eye rotates. The videos were then modified by 
extracting a portion from the full scene around the current eye direction vector on every frame 
(i.e. the small patch of the scene to which the right eye was directed). This portion 
corresponds to" a landscape orientated image (aspect ratio 4:3), 18.6° (width) by 13.9 ° (high) 
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when projected onto the retina. If the coordinates led to a portion that was out of range, the 
frame was skipped. The dropping of frames did not cause any noticeable visual effects. We 
made three videos: 
video-1 was taken when the subject was looking at the faces of three people from 
approximately two meters away; 
video-2 was recorded when the subject was listening and looking at a person talking at 
a close distance (face to face); 
video-3 was made when the subject was asked to sit down and look at some distant 
trees outside a window. 
The first two videos (video-1 and video-2) were used for the first 8 experiments and the rest of 
the experiments (n=25) were done with video-3. The durations of the videos, from the first to 
the third, were 8 seconds, 14 seconds and 14 seconds respectively. The video production was 
done using Matlab (The Mathworks, 2012a and 2012b, USA). The full viewed static scene of 
video-3 with the saccadic traces and example snapshots of the extracted portions are shown in 
Figure 5.1. 
Previous surveys conducted by Bionic Visual Australia suggested that most blind 
patients want to see the faces of their loved ones. Therefore videos-1 and -2 were made to see 
faces; video-1 seeing faces of 3 people from distance and video-2 seeing face during a personal 
conversation . We found that eye movements under both videos would probably be affected 
heavily (along w ith head movement) , as between-people interact ions were invo lved . 
Therefo re we made video-3, which simply involved looking at trees from a window. Wh ile we 
did not go into deta il s about the diffe rent effects ar ising from these three d ifferent vis ua l 
scenes, w e pri mari ly looked at the possib i lity of rep licat ing the ligh t respon se patterns of the 
RG Cs by el ectri cal sti mu lat ion . 
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Figure 5.1 Traces of saccades of the subject's eye on a natural scene. This scene was from video-3 . The subject 
looked out from a window and kept his head stable while looking at the trees outside. Left : The eye tra cker 
recorded the directional coordinates of the subject's primary line of sight. These traces are plotted in the figure in 
red . Right: examples of snapshots at several locations from the modified video that was projected onto the retina 
centred on the location of the RGC recording. 
5.3.3 Retinal whole-mount preparation 
Experiments were performed on retinas of 27 cats, average weight 2.9 kg, and ranging 
in age from 4 to 24 months. Data came from animals that were classified into two groups 
according to the sources that provided the animals: Group-A animals were prepared in other 
labs and Group-B animals were prepared in-house. Group-A animals (11 out of 27) were cats 
obtained after cortical experiments in other labs (Bionic Vision Australia (2), Visua I and 
Cognitive Neuroscience Laboratory (1), Bionic Ear Institute (5 ), and The Nationa I Vision 
Research Institute of Australia, NVRI (3)). The retinas of 6 (out of 11) cats in Group-A had 
robust light responses. Group-B animals were cats obtained particularly for this experiment 
(16 out of 27), which were donated or purchased from other institutes (ANU (5), CSL 
biotherapies (2) , University of New South Wales (9)). The retinas of 9 (out of 16) cats in Group-
B had robust light response. A total of 33 light responsive RGCs were recorded from Group-A 
(9) and Group-B (24). The retinas with no robust light response were used for other electrical 
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stimulation experiments that are not reported in this thesis. There were no other obvious 
differences between Group-A and Group-B retinas. 
The animals in Group-A had been under continuously monitored general anesthesia for 
between 1 to 5 days for cortical recording. The enucleations were completed at the labs where 
anaesthesia was done according to the corresponding researchers' protocols. The researchers 
called us about an hour before they finished their experiments. After enucleation ("' 15 min), 
the animals were euthanased immediately by the researchers in accordance with their 
approved protocols. 
Before enucleations, we checked the eye blink reflex, pedal withdrawal and respiration 
rate to ensure the cats were still under stable anaesthesia. If there were any trace of 
responses, we deepened the anesthesia of the animal with pentobarbitone (20 mg kg-1) until a 
deep surgical stage of anesthesia was reached. 
After enucleation, the eyeballs were immersed into incubation-Ames solution: Ames' 
medium, 8.8 g L-1, Sigma-Aldrich), 23 mM NaHC03 (Sigma-Aldrich), 10 mM D-Glucose (Sigma-
Aldrich), 1% Pen-strep Glutamine (GIBCO), 1% N2 supplement (GIBCO), 1% horse serum 
(Sigma-Aldrich), 0.1% phenol-red (Sigma-Aldrich) and bubbled with carbogen (95% 0 2 and 5% 
CO 2). The incubation-Ames wash cleaned up the surface of the eyeball and the antibiotic 
components protected against bacterial infection. Then the eyes were hemisected behind the 
ora serrata. The vitreous body was removed with a pair of No. 5 tweezers. One tweezer held 
the optic nerve head at the back of the eyecup and the other one gripped the vitreous body 
and gradually peeled it away from its regional attachments at the ora serrata and optic nerve 
head. The dissected eyes were put into HEPES-Ames solution: Ames' medium (8.8 g L-1, Sigma-
Aldrich), 10 mM HEPES (Sigma-Aldrich), 5 mM NaCl (Sigma-Aldrich), 10 mM D-Glucose (Sigma-
Aldrich), bubbled with oxygen. The HEPES-Ames solution provided nutrient supplies with a 
buffered pH "'7 .2 to the dissected eyes. The bottle containing the dissected eyes was placed 
into a polystyrene box and transferred back to the NVRI laboratory. The transportation time 
was about 15 min . 
Group-B animals were anesthetized at the NVRI lab with a mixture of Ketamine (20 mg 
kg-1 ) and Xylaz ine (1 mg kt1) . Pentobarbitone (20 mg kg-1) were used for the last 9 animals 
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from UNSW after the initial anesthetization with Ketamine and Xylazine, due to a change of the 
anaesthetic protocol for the purpose of extending the anaesthesia time for another experiment 
post-enucleation (with ethics approval from the University of Melbourne). The dissection 
procedures were similar as described above except no HEPES-Ames was used. After 
enucleation, animals were euthanized with an overdose of Lethabarb (pentobarbital sodium 
150 mg kt1) intracardiac injection. 
The dissected eyes (from Group-A after transportation, and from Group-B dissected on 
site) were placed into Ames solution (pH = "'7.2, room temperature "'20°() equilibrated with 
carbogen under dim room light. We cut a piece containing the area centralis (one sector from 
each eye, the apical angle of the sector was approximately 60°). Then the sclera was removed 
from each piece. The retinal piece remained attached to the pigment epithelium and choroid. 
It was mounted onto a cover slip with the RGC side up. The slip with the retina on it formed 
the bottom of a perfusion chamber (RC-26GLP, Warner Instruments, Hamden, CT). The retinal 
piece was held in place with a stainless steel harp fitted with Lycra threads spaced at 1 mm 
intervals (Warner Instruments SHD-25GH, USA). 
With the retinal piece now stably mounted, the chamber was placed on the stage of an 
upright microscope (Olympus BX51WI, Japan). It was continuously superfused with Ames 
solution at 9 to 11 ml per minute, equilibrated with carbogen and kept under dim red 
illumination at 34 ± 0.5 °C. The reservoir of Ames solution was maintained in a water bath 
(Stuart SWBD) at about 34 °C and a dual automatic temperature controller (Warner Instrument 
TC-344B, USA) was used to regulate the final temperature at the inlet of the chamber. Before 
use, the various solutions (incubation-Ames, HEPES-Ames and superfuse-Ames) had their pH 
checked ("'7.2) with a digital pH meter and were filtered (Millipore Stericup, pore size 0.22 
micron) but not chilled (see Discussion). 
Normally the retinal piece was held in the chamber for about 12-16 hours. The longest 
period was about 30 hours and the RGCs still had robust light responses. In the first few 
experiments, each patched RGC was kept for about 4 hours (for multiple protocols) and still 
maintained robust light and electrical responses. Later, the experimental protocols were 
reduced to those described in this chapter and each successful recording took approximately 2 
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hours. Adjustments were made during the experiment period. The main adjustment was 
made to the anesthesia protocol. The initial protocol was set to inject the drug (Ketamine and 
Xylazine) in the thigh to anesthetize the cat and terminate the cat immediately after 
enucleation (both eyes within ~15 min). Subsequently, we changed the protocol (with ethics 
approval) concerning the drug composition (Ketamine, Xylazine, and Pentobabitone) in order 
to extend the anesthetization period so that the cat was kept alive after the removal of one 
eye pending another student removing the other eye 12 hours later. It turned out it didn't 
work and thereafter we changed the protocol to inject the drug (Ketamine, Xylazine and 
Pentobabitone) at the neck (following a protocol from the Bionics Institute), and terminated 
the cat right after enucleation. Some minor changes were also made, such as to use different 
equipment for surgery and minor re-adjusting the lab equipment before every experiment. No 
obvious impact on the results was found caused by the changes. Data from patched RGCs 
that did not fit any of the classification criteria, or did not meet the recording standards, or 
failed to complete the protocols (see below for detailed descriptions) were discarded from this 
analysis. The successful rate was very low, only about 1 full recording out of 8 attempts due to 
various reasons (see Discussion). 
5.3.4 light and electrical stimulation preparation 
Static and moving contrast visual stimuli were generated with Vision Egg (Straw, 2008) 
installed in a desktop computer (Dell Pentium Dual Core E6500@2.93 GHz, with 3GB RAM, 
Window XP SP3; Video Card: NVIDIA GeForce GT 220 with 1 GB RAM). Vision Egg allows the 
adjustments of size, contrast, temporal frequency and spatial frequency of the stimuli. The 
stimuli were transferred from the computer to a monochrome organic light-emitting diode 
(OLEO) projector (e-Magin EMA 100301-01, white luminance maximum~ 140 cd/m 2 . The OLEO 
projector was mounted onto the microscope' s video port . The projection system had to 
conform to the configuration of the microscope . The light stimuli went through a mirror unit 
w ith in, were magnified by the objective lens (typically 10x during experiment, see below for 
deta il s) , and projected onto the retina mounted in a chamber on the fixed stage . The actual 
intensity of the projected light was not measured. 
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A photodiode (Vishay BPW34, Australia: Dark current 2 nA, Wavelength 900 nm, Rise 
Time 0.05 µs) was attached to a display monitor presenting a copy of the stimuli to the 
experimenter. For standing contrast and moving grating recordings (see below), the 
photodiode was attached at the centre of the mapped receptive field. The voltage of the 
photodiode was recorded and normalized to represent the time course of the light. For the 
video response recordings (see below), the photodiode was placed at the corner of the 
monitor. The frame of the VLC media player changed the frame colour when the movie started, 
and the photodiode detects this change. The time at the transient change of the photodiode 
voltage was recorded as the video stimulus start time. 
Electrical stimuli (current pulses, see below) were produced with an electrical 
stimulator (Multichannel Systems STG4004-1.6mA, Germany) operated with its associated 
software (Multichannel Systems MC_Stimulus II, Germany). Custom made programs, LabVIEW 
(National Instruments, 2010 and 2011, USA) and Matlab (The Mathworks, 2012a, USA), were 
used to convert the spike times into a multichannel system input file format. The output 
current pulses were sent out from the channel (channel-1) that was connected to the 
stimulating electrode. The output from the stimulator was monitored by the channel (channel-
4) synchronized with channel-1, which output the same train of current pulses. A resistor {10 
kO) was connected to channel-4 and the voltage across the resistor was recorded with a 
LabVIEW device (National Instruments, NI USB-6221, USA) digitized at 40 kHz. This extra 
recording channel provided a visible indication of the stimuli, and recorded the actual time of 
every biphasic pulse (see section 5.3.5). There was a delay (5 µs) for every biphasic pulse 
generated. This error is cumulative. Therefore the actual time of the biphasic pulse generated 
was not exactly the same as the expected LR spike on which it was based, over the duration of 
the stimulation (15 seconds) the total error was on the order of milliseconds (maximum error= 
2.4 ms, 471 spikes). 
5.3.5 The stimulating electrode and biphasic pulse 
The reference electrode was handmade by melting silver wire into a small sphere and 
coating it with chloride. The stimulating electrodes used were microscale nitrogen doped 
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ultra -nanocrystaline diamond (N-UNCD) electrodes (200 µm x 200 µm) developed by Garrett et 
al. (Hadj inicolaou et al., 2012). On the experiment day, the impedance of the stimulating 
electrode was tested before use in order to ensure the impedance was with in the 
recommended range (8 to 10 kO) . A test symmetric charge balanced biphasic current pulse 
(typically 1 mA, phase duration 100 µs, interphase interval (IPI) 40 µs) was sent from the 
stimulator while the N-UNCD electrode and the reference electrode were immersed into the 
saline solution ("'lM NaCl). The output voltage was measured with an oscilloscope . The 
impedance was calculated by Ohm's law (Impedance= Voltage/ Current) . 
The electrical stimulation patterns were composed of asymmetric charge-balanced 
biphasic pulses (simply referred to as biphasic pulses) . A single biphasic pulse consisted of 
opposite-polarity rectangular phases (pulses) separated by a short interphase interval (IPI) of 
zero current. A cathodic phase came first, followed by an anodic phase. The respective 
current-duration products (i .e. charge) were set up so that the net charge over the whole 
biphasic pulse was zero . The duration of the phases and the IPI were fixed to 100 µs (cathodic), 
40 µs (IPI), and 400 µs (anodic) respectively (Figure 5.2). Thus, the magnitudes of the cathodic 
and anodic phases were always in a 4:1 ratio. For example, if the current ampl itude delivered 
in the cathodic phase was -400 µA, then the amplitude of the anodic phase will be +100 µA. 
These parameters are similar to the one shown in Shawn K. Kelly's masters thesis, which 
revealed the largest cortical response among the four possible waveform shapes (varying 
polarity and sequence) (Kel ly, 1998). A few preliminary trials (not reported) showed that the 
present asymmetric arrangement reduced the threshold relative to symmetric biphasic pulses, 
but a thorough study has not yet been completed. The maximum deliverable current 
ampl itude for the cathodic phase was set to 1 mA. The surface area of the electrode is 4xlff4 
cm 2. The maximum charge injection capacity converges to a value around 250 µC cm·2 at the 
maxi mum del iverable current . These values were chosen carefully so that the electrod e 
surfa ce voltage w ill not exceed 1 V. This is below the voltage (1.3 V) at which water begins to 
be elect rolysed . 
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Figure 5.2 An asymmetric charge-balanced biphasic pulse. The durations are fixed: cathodic pulse (100 µs), inter-
phase interval (40 µs), and anodic pulse (400 µs). The magnitudes of the cathodic (A) and the anodic (A/4) currents 
are always in 4:1 ratio. 
5.3. 6 Electrophysiology data collection 
The microscope was equipped with 40x and 10x water immersion lenses (Olympus, 
Japan). Once the chamber was on the stage, 20 µI acridine orange (1 mM) was added drop-by-
drop at the inlet of the chamber to assist visualization. Acridine orange is a non-toxic 
fluorescent dye that stains the RGC bodies and renders the RGCs visually recognizable (Jensen, 
1991). Under the 10x lens, the area centralis was readily located since the region was densely 
packed with acridine orange-stained somata of RGCs. These stained RGCs were fluoresced 
green under the mercury exciting lamp (Olympus U-RFL-T, Japan) and were very eas ily noticed. 
The acridine orange stain faded away within a few minutes. All data were acquired from the 
RGCs located within the area centralis and approximately 5 mm distal (away from the optic disc, 
"'22°; 1 mm = "'4.4° (Bishop, Vakkur, & Kozak, 1962)) from it. Exact locations of the recorded 
RGCs were not recorded. 
The patching procedure was done under the 40x lens. A small hole was made in the 
inner limiting membrane, by carefully pricking the inner retinal surface with the tip of the 
electrode. When the tip hooked the surface, the electrode was moved upwards (away from 
the surface) and sideways until the surface was torn gently and slowly (similar procedures as 
described in the previous chapters). The target RGC was exposed in the resultant small hole 
for whole-cell patch clamp recording (Robinson & Chalupa, 1997; Taylor & Wassle, 1995). 
Typically a few other RGCs were disclosed but the target was the RGC with the biggest soma 
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among the exposed RGCs. After the target RGC was located, the stimulating electrode was 
placed ~ 50 µm proximal to it. The reference electrode was also placed as close to the target 
RGC as possible but on the opposite side. The placement of the electrodes affects the RGC 
activation threshold (for details see Chapter 4). The closer the reference electrode was placed 
to the target RGC, the smaller the stimulus artefact. 
The RGC membrane potentials were recording using an intracellular bridge mode 
amplifier (NPI BA-lS, Germany) and data were acquired with a LabVIEW device and the custom 
made LabVIEW programs. The data acquisition setup was similar to the previous chapters 
except more channels were involved, including connections to the stimulator. The light stimuli 
were generated by a separate computer that was connected to the OLED projector. 
Acridine orange stained RGCs with soma diameters over 20 µm were identified with 
the aid of a scale bar marked on the monitor. Whole-cell current clamp recordings from RGCs 
were obtained with standard procedures (Hamill, Marty, Neher, Sakmann, & Sigworth, 1981). 
Initial pipette resistance ranged between 3 and 7 MO. The pipette voltage in the bath was 
nulled prior to recording. It was also checked immediately at the end of each recording after 
clearing the pipette tip with a pulse of pressure. If bath potentials before and after recording 
differed, the latter was taken as the reference potential. The pipette series resistance was 
measured and compensated with the bridge balance circuit of the amplifier. Resting potentials 
were corrected for the change in liquid junction potential that occurs upon obtaining a gigaseal 
and break-in . Diffusional exchange between cytoplasm and pipette contents (liquid junction 
potential was measured directly as -5 mV (Neher, 1992)). No capacitance compensation was 
employed. Occasionally negative current was applied to maintain the baseline membrane 
potential in the range -60 to -70 mV. 
The membrane potential was amplified and digitized with 16-bit precision at 40 kHz 
(National Instruments USB-6221, USA) and stored in digital form. The data collected were 
analysed off-li ne with Matlab . At the beginning of the experiment, RGCs were excluded if they 
exhibited marked instability of resting potential, or if their act ion potentials did not overshoot 
0 mV. 
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RGC classifications were done along with the electrophysiology data collection using a 
set of tests. According to the soma sizes, the selected RGCs were either alpha or beta RGCs 
(Figure 5.3), for review see (Boycott & Wassle, 1974; J. Stone & Clarke, 1980). Further 
classifications were confirmed by the following procedures. 
Figure 5.3 A putative alpha RGC. Example of a RGC for an experiment with an estimated average soma diameter 
larger than 20 µm. It should be either an alpha or a beta cell. The cell type can be_yerified by evaluation of the 
intrinsic properties, and the receptive field properties, of the cell. 
5.3. 7 Recordings 
The responses from the amplifier were displayed on the monitor and oscilloscope, and 
also connected to an audio speaker. There are three types of recordings associated with three 
different kinds of stimuli: intracellular electrical stimuli, light stimuli, and extracellular stimuli. 
The duration of each recording was 15 seconds. The recordings were repeated at least 10 
times with a recovery period between the repetitions (1 min to 5 min) and different types of 
recordings (5 min to 15 min). Spike height and shape is strongly influenced by the amount of 
maintained discharge at the instant of the measurement and in the recent past history of 
discharge. After the RGC was patched, we switched to the lOx lens and focused onto the 
photoreceptors (see Discussion). We closed the curtain around the experimenta I setup to keep 
the inside in darkness. We allowed approximately 10 min dark adaptation before the 
recordings began. 
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5.3.7.1 /ntracellular stimulation 
Each patched RGC was injected with depolarizing and hyperpolarizing current steps at 
several strengths (similar procedures as described in Chapter 2). Depolarizing steps led to 
spike generation for strengths above a definite threshold level. The spike width at half height 
of the spike was extracted and compared to the values listed in Table 1 of O'Brien et al. (2002). 
The former values were measured at room temperature instead of physiological temperature; 
nevertheless, they gave us insight into the expected values. The full spike width at half height 
of alpha and beta cells are distinguishable (< 0.9 ms) from the rest of the listed RGC types (> 
1.3 ms). Furthermore, the input resistance of alpha cells is about 8 times less than that of beta 
cells. The combination of these two intrinsic properties provided a preliminarily differentiation 
of alpha and beta cells from other types of RGCs. 
5.3. 7.2 Light responses 
A small circular spot ("' 1 ° in diameter; generated with 'Vision Egg', Straw (2008)) was 
used to map the receptive field of the patched RGC. For ON-RGCs, we used a white spot 
presented on a dark background (100% contrast) and for OFF-RGCs we used a dark spot with a 
uniform grey background instead (50% contrast). Thus the adaptation state of the retina was 
quite different for ON-cells and OFF-cells, it would have been more suitable to use a uniform 
grey background for both cell types. However, since the goal was to map the receptive field 
centre quickly, we used 100% contrast to get a robust visual/audio response from ON-cells. It 
seemed that the OFF-cells were relatively more robust. That is, the responses of the ON-cells 
were 'dull' at low contrasts, especially when there were many spontaneous spikes. Cells with 
ON -OFF responses were omitted (n=2). 
5.3. 7.3 Standing contrast 
The receptive fields were not perfectly circular in shape. After the full receptive field 
was mapped , the spot was enlarged to approximately the size of the centre of the receptive 
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field mapped. The spot was turned on and off, wherein off being the background state. We 
recorded the responses of the RGCs to the resulting change of contrast (Figure 5.4). 
Figure 5.4 An OFF RGC recording under the standing (flickered) contrast test. Left: A spot approximately the full 
size of the receptive field centre produced with Vision Egg. Right: The response of the RGC showed an increased 
discharge for over the 5 seconds when the OFF stimulus was present. 
Essentially, the purposes of these tests were to determine the ON or OFF receptive 
field properties, map the receptive field, and roughly assess the spatia I summation of 
responses of the RGC. 
5. 7.3.4 Moving gratings 
Initially the width of the bars of the moving grating was set at about the same size as 
the diameter of the receptive field centre of the patched RGC. The responses of the RGCs were 
recorded to different Michelson contrasts (Michelson, 1927), ranging from 10% to 100% 
(Figure 5.5). Assessing the response/contrast functions is important for testing the linearity of 
responses, and for observing the emergence of second harmonic nonlinearity when an 
ostensibly 'linear' RGC is driven 'softly' into saturation at the top and bottom of its response 
range. Occasionally the spatial frequency and temporal frequency were adjusted to achieve 
more optimal stimulus conditions. These adjustments provide the basic data for characterising 
the performance of RGCs in the domains of spatial frequency and temporal frequency. The 
goal was to define the linear domain of the response/contrast functions, because performance 
can be evaluated most easily where linearity applies. 
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Figure 5.5 An OFF RGC undergoing the moving grating test (100% contrast). Left: The width of the grating was 
approximately the size of the diameter of the receptive field centre Right: The response of the RGC showed bursts 
of spikes when the OFF stimulus was presented to the receptive field centre and no spikes during the ON stimulus . 
The evidence from soma size, spike width, input resistance and receptive field sizes of 
the RGCs indicated that the recorded cells were either alpha or beta cells. The concentric 
receptive field properties, either ON or OFF, were clearly disclosed during the mapping. The 
spiking patterns of the RGCs should have both sustained and transient components in their 
light evoked responses. It is the balance between these components that has to be assessed 
(Cleland, Dubin, & Levick, 1971). Cell classification was made based on the results of both the 
standing contrast and moving grating recordings. The spiking patterns were either classified as 
BT or BS (Cleland & Levick, 1974; W.R. Levick & Thibos, 1983). If the RGCs responded with high 
frequency and transient bursts of spiking to stimuli centred in their receptive field, then they 
were classified as BT RGCs. The RGCs responding continuously with a tonic firing rate were 
classified as BS RGCs (Cleland & Levick, 1974). Overall, we classified the recorded RGCs into 
four groups: ON-centre brisk-transient (ON-BT), OFF-centre brisk-transient (OFF-BT), ON-centre 
brisk-sustained (ON-BS}, and OFF-centre brisk-sustained (OFF-BS}. Two examples of spiking 
trains for transient and sustained responses were shown in Figure 5.6. 
5-20 
A 
1 -10 
..._, 
~ -20 
C: 
<l.) 
g_ -30 
<l.) 
C: 
~ -40 
..0 
E 
~ -50 
1 
Transient 
2 3 
Time (s) 
4 5 
Chapter 5 I Naturalistic Vision Reconstruction 
B 
0 
> 
E -10 ..._, 
ro 
:.::: -20 
C: 
<l.) 
o -30 
0. 
<l.) 
c: -40 
ro 
'-E -5o 
<l.) 
~ -60 
5 
Sustained 
6 7 8 9 10 
Time (s) 
Figure 5.6 The two spiking patterns of the RGCs. A) A typical RGC transient spiking pattern sometimes described as 
phasic. A burst of spikes was generated when the stimulus was present, and the spike frequency quickly returned to 
the normal maintained discharge level even though the stimulus remained on. B) A typical RGC sustained spiking 
pattern. The RGC spike firing rate remained substantially elevated (> 5 seconds) wh ile the stimulus was present. 
5.3. 7.5 Naturalistic video 
The projected naturalistic videos covered the receptive fields of the target RGCs 
completely. Since we positioned the target RGC at the centre of the visual field for patching, 
the receptive fields were normally positioned at the centre of the _projection. The exact 
topographic RGC locations were not specified (Figure 5.7). 
Figure 5.7 An OFF RGC under the naturalistic video test. The receptive field centre was approximately at the centre 
of the projected video stimulus. Left: A snapshot of the video that was being projected onto the retina. The 
photodiode recorded the start time of the video. Right: The first few spikes represent the spontaneous activity of 
the RGC. Th2 last two bursts at right were responses of the RGC to the video stimulus. 
5.3.7.6 Maintained discharge (spontaneous spike) 
Some RGCs had a maintained discharge in the absence of intentional visual stimulation. 
The discharge was recorded and the inter-spike interval histogram was compiled. The shape of 
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the interval histogram in vivo is known {Barlow & Levick, 1969b; Kuffler, Fitzhugh, & Barlow, 
1957) to be usually well matched by a Gamma function density. Examination of the densities 
for the cells in this study indicated they did not differ significantly from this expectation. 
5.3. 7. 7 Electrical stimulation - threshold and latency 
All electrical SPs were constructed with a train of biphasic pulses. The start time of 
each biphasic pulse was defined as the time of the peak of the spikes in the LRs. Before 
applying the SP trains of 10 biphasic pulses at 1 Hz or 2 Hz {SP 10) was sent to stimulate the RGCs 
to assess the threshold current. For each test train, the amplitude of the cathodic phase of the 
biphasic pulse varied in the range from 10 µA to 1 mA. Normally we started at 100 µA, 
progressively increasing or decreasing the current (coarse step: 100 µA; fine step 20 µA) until 
the points for the efficacy curve were established. The threshold stimulus amplitude was 
determined by fitting a two-parameter logistic function to the efficacy data (fitted parameters 
controlled the position and slope of the function at 50% efficacy). We thus defined the 
threshold stimulus current {! thresh) as that stimulus amplitude which elicited action potentials on 
at least 50% of trials. The current amplitude for subsequent testing was set to the level of 
pulse train that would successfully evoke a spike for every stimulus {l max), In some cells, not all 
stimuli were able to successfully evoke a spike, but these cells passed the 50% efficacy margin 
(n=8, mean efficacy= 67.5%). So, we set the upper limit for lmax to 1 mA for safety purpose in 
these cases (see Discussion). The time from the onset of the cathodic phase to the peak of the 
evoked spike was defined as the delay time (tdelay), A close approximation of the convention al 
latency can be found by subtracting half the spike width (at half height) from tdelav· The 
underlying idea is that the end -point of the latency period ought to correspond to the time at 
which the spike mechanism has become regenerative . In other words, it should be the point at 
wh ich the in -rush of sodium ions has become self-sustaining and would need no further 
ass istance from the stimulus current. The inflexion point, which based upon the temporal 
derivat ives of the rising phase, is one of the ways to identify this time point.. At this point, the 
rate of rise of membrane potential (first time derivative, dV /dt) has reached its peak value . It is 
also the t ime at which the second time derivative (d 2V /dt 2) is changing sign from positive to 
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negative. This derivative measures the trans-membrane current, so the change of sign marks 
the point at which the net membrane current has first become inward. A rough estimate of 
the point of inflection is at half height of the spike. Therefore, the half spike width at half 
height was used to compute the latency. 
5.3.7.8 Electrical stimulation - Moving grating and Naturalistic video 
The SP generation procedures for the moving grating and naturalistic video were 
similar except that the source of the LRs are different: one used the LR generated from the 
RGC responses from the moving grating (SPmg) and the other one use the LR generated from 
the RGC responses from the naturalistic video (SPnv), If the RGC had spontaneous activity, both 
types of LRs were filtered to remove spikes appearing at the maintained discharge rate. With a 
few exceptions, RGCs have a maintained discharge in the absence of intentional visual 
stimulation (Barlow & Levick, 1969a; Kuffler, et al., 1957; W. R. Levick, 1973). The maintained 
discharges are important for the development of neuronal connections (Blankenship & Feller, 
2010). However, it is not the intention here to delve into the many ways in which maintained 
discharge affects the interpretation of visually generated signals. We consider the maintained 
discharge as background noise and the responses of the RGC due to stimuli were represented 
by firing at higher frequencies (bursts). From preliminary work, we found the time between 
two spikes in the bursts is usually lower than the tlme between two spontaneous spikes. From 
the spike time histogram (not reported), the spikes in bursts that were treated as those beyond 
the mean plus one standard deviation (tmistd ). Therefore we filtered the LRs with t mistd to 
reduce the 'noise'. In other words, the filtered LRs to represent mainly the spikes generated by 
the light stimuli with greatly reduced influence from any spontaneous activity (see Discussion). 
The cathodic amplitude of the biphasic pulses in the SPs was set to the predetermined lmax· 
The resulting patterns, for both the moving grating (SP mg) and the naturalistic videos (SPnv), 
were used to stimulate the same RGC which produced the ERs (Figure 5.8) . The electrical 
stimulation responses of the RGCs were recorded at least 10 times for statistical analysis . 
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Figure 5.8 Vision reconstruction trilogy: record light-elicited response to a naturalistic stimulus (LR), generated 
stimulus pattern (SP), and the produce electrical-evoked response (ER). A) The LR was generated by projecting the 
naturalistic movie onto the retina. B) The SP was produced according to the spike times from the LR. Each stimulus 
in SP is an asymmetric charge balanced biphasic pulse . C) The ER from the results of SP stimulation. There are 
spontaneous spikes included in this ER. Furthermore, some stimuli failed to evoked spikes . 
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5.3.8 Data Analysis 
The main purpose of the data analysis in this chapter was to look into the degree to 
which the ERs matched the LRs . In order to quantify the level of resemblance between the two 
response patterns (LRs and ERs), we looked at the cross-correlation between them . The data 
analyses were done offline with custom-made Matlab programs. 
5.4 Results 
In this section, the preliminary experimental results from 33 cat RGCs were reported . 
Each RGC was classified according to its physica I properties, intrinsic properties and its 
responses to the light stimuli. The RGCs were categorized into four groups: ON-BT, OFF-BT, 
ON-BS and OFF-BS. The ERs of each RGC were compared to the SP, which was equivalent to 
the LR of the same RGC with most of the maintained discharge removed. Each ER often 
contained some spontaneous (non-electrically evoked) spikes. The level of resemblance was 
quantified by the correlation coefficient of the SP/ER cross-correlograms (simply referred as 
correlograms). Subsequent analysis indicated that the mean correla-tion within the window 0 
to 2 ms was used (see the text for Figures 5.11 to 5.14). 
5.4.1 RGC classification 
The ret inal reco rding area included the area centralis and about 5 mm (""'22°) peripheral to it . 
After a current clamp was made, a current pulse (duration: 400 ms) was sent to stimulate the 
RGC from the recording electrode. The recorded RGC was depolarized with a positive current 
injection (""' 10 to 50 µA) until a few spikes appeared. The average sp ike width at half he ight 
was measured from 10 - 15 spikes of each RGC. The RGCs were hyperpolarized with a negative 
current inject ion (""' -10 to -50 µA) for the input resistance calculation . A summary of the mean 
values of the spike widths and input resistance of the recorded RGCs is listed in Table 5.1. 
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Table 5.1 Properties of the RGCs. Values are: mean (standard deviation) . 
Type n soma dia. Spike width Input resistance Receptive field size 
(um) (ms) (MO) (Visual deg.) 
ON-BT 11 25. 7 (4.43) 0.45 (0.07) 81.6 (24.6) 3.66 (0.73) 
OFF-BT 6 24.6 (5.87) 0.37 (0.03) 54.3 (26.1) 2. 75 (1.06) 
ON-BS 11 23.2 (1.89) 0.50 (0.09) 131.8 ( 29.0) 3.44 (0.84) 
OFF-BS 5 21.5 (1.44) 0.59 (0.08) 161.0 (54.9) 3.09 (0. 76) 
From Table 1 of O'Brien et al. (2002), the full spike width at half height of alpha (0.6 ± 
0.03 ms) and beta (0.8 ± 0.02 ms) cells were distinguishable from the rest of the listed cat RGCs 
ranging from 1.34 ± 0.15 ms to 3.20 ± 0.15 ms. The difference of the input resistance between 
alpha (31.3 ± 4.8 MO} and beta (267.2 ± 35.3} cells was marked. The alpha RGCs' input 
resistances were different compared to the rest of the RGC resistances ranging from 137.3 ± 
39.5 MO to 1048 ± 176.7 MO. However, the values for the alpha cells found from our 
experiment were not in the range listed by O'Brien et al. (2002}, except for the two cells they 
measured furthest away from the area centralis. 
Of the 33 RGCs for which all experiment protocols were completed, 22 were ON -ce lls 
and 11 were OFF-cells. Based on the spiking patterns from the standing contrast and moving 
grating recordings, they were further classified as BT or BS (see Methods). There were 11 ON -
BT, 6 OFF-BT, 11 ON-BS, and 5 OFF-BS RGCs recorded. The estimated geometric mean of the 
receptive field widths were measured and are listed in Table 5.1. 
5.4.2 Electrical stimulation 
The evoked spikes (red circles) were discernible from the spontaneous spikes (Figure 
5.9). The responses to the stimuli began at a fixed time and they were signified by the obvious 
artefact . The evoked spikes appeared after the stimuli and the peaks of the spikes were 
generally higher than the spontaneous spikes since they normally arose on the anodic phase of 
the biphasic pulses. We extracted two parameters, lmax and t delay, from the results of ER 10. The 
spikes were determined to be evoked spikes if they appeared consistently at about the same 
t ime after three repeated SP 10 stimulations (30 stimuli) . That consistent time period was 
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considered to be the tdelay· For RGCs that didn't have spontaneous spikes, spikes that appeared 
after the stimulations were presumed to be due to electrical stimulation. A spike may occur 
that does not have anything to do with the previous electrical stimulus within t delay, but the 
chance of that happening 30 times in a row is very low. The consistency of the spikes evoked 
by the stimuli can be visualized by a raster plot (see Figure 5.11A). 
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Figure 5.9 An example of a 10-pulse stimulus sequence. The evo ked sp ikes (peaks in dicated by the red circles) are 
d ist in gu ishable from the spontaneous sp ikes . The evoked sp ikes appear after the stimuli (fixed time w ith relatively 
large artefacts ) are delayed . The peaks of the evo ked sp ikes are genera lly higher than the spontaneous spikes. 
The t delay was calculated from the average of three repet itions (total 30 spikes ) of SP 10 
at !max · The st im ulus t im es were known and verified from the recordings on channel-4 . The 
mean values of !max and t delay were li st ed in Table 5.2. The convent ion al latency can be 
est imated by reducing the BT t delay by 0.211 ms and the BS t delay by 0.266 ms, overall average 
result in approximate ly 416.4 ± 175.0 µs, which is close to "'0.5 ms reported by the others for 
rabbits (Fr ied , et al., 2006 ) and monkeys (Sekirnj ak et al., 2008). 
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Table 5.2 The current 1max and the spike latency td elav· Values are: mean (standard deviation) . 
Type 
ON-BT 
OFF- BT 
ON-BS 
OFF-BS 
I max { µA} t delay ( µs} 
731.8 (345.3} 611.9 (167.9} 
375.0 (299.6} 649.7 {167.9) 
809.1 ( 242. 9} 677.4 ( 242.0} 
740.0 {332.3} 680.5 (122.0} 
We used lmax of each individual RGC to set up the stimuli SP mg and SP nv to stimulate the 
same RGC from which we had the LR mg and LR nv· The number of stimuli in a SP varied in the 
range of 10 to 471. The evoked spikes in ERs were distinguishable from misses (stimuli with no 
evoked spikes) and the spontaneous spikes (Figure 5.10) . 
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Figure 5.10 An example of an electrically-evoked response (ER). A portion of the ER showing : stimuli that 
successfully evoked spikes (grey 'E'); two stimuli that failed to evoke a spike (red 'M' for miss); and two spontaneous 
spikes (green 'S') are shown . The inset at the right -hand side shows the differences between 'E' and 'M' for instance. 
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5.4.3 Raster plots and corre/ograms 
The stimulations were repeated at least 10 times for each ER. To visualize the 
resemblance of the SP to the ERs, we used raster plots and the correlograms. In the raster 
plots, each stem (vertical line segment) represented a spike. The red stems in the first row 
represent the SP. Each subsequent row denotes a trial and each stem within a row represents 
a spike, either evoked or spontaneous. The example of the raster plot (Figure 5.11A) shows 
the SPnv of 13 trials aligned with the ERnv of an OFF-BT RGC. 
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Figure 5.11 A high correlation case. Visualization of the correlation of the naturalistk: video stimulus patterns (SP nvl 
and the associated electrically-evoked responses (ERnvl (13 trials) for a case where one highly resembles the other. 
A) A raster plot of the SPnv and the ERnv of an OFF-BT RGC. The red stems at the bottom represent the spikes in the 
SP nv and the black stems represented spikes (evoked or spontaneous) in each trial of the ERnv· Spikes in the ERnv 
were consistently aligned with the SPnv in this example, suggesting that the spikes were evoked by the stimuli. B) 
Correlograms of the SPnv and all the ERnv (plotted in different colours, legend omitted) showing that the correlations 
were consistently high (~o.6). 
A contrary example of a raster plot of an ON-BS RGC (Figure 5.12) showing the ER nv 
were not aligned with the SPnv· Almost all stimuli failed to evoke a spike. When we examined 
the ER more closely, at each burst of the SP, the first stimulus was able to evoke a spike 
successfully, however, the following stimuli could not. In this example, there were a large 
number of spontaneous spikes. These spontaneous spikes did not appear during the period 
when the stimuli failed to evoke spikes. It seems that the stimulation suppressed the RGC and 
spiking was inhibited. 
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Figure 5.12 A low correlation case. Visualization of the correlation of naturalistic video stimulus patterns (SP nvl and 
associated electrically-evoked responses (ERnvl {11 trials) that were highly non-correlated . A) The raster plot of the 
SP nv and the ERnv of an example of an ON-BS RGC. Conventions as in Fig. 5.11. There were a great many 
spontaneous spikes during the non-stimulus period but there were almost none during the stimulus period . Most 
stimuli failed to evoke a spike except the first one of every SP burst . B) Correlogram of the SP nv vs . the ER nv (plotted 
in different colours, legend omitted) showed that the mean correlation at short delays was low (-0.12) . 
There were still some matches (first spike of every burst) leading to the low, but non -
zero, correlation. The flat period (bracketed area in Figure 5.128, from lags 10-25 ms ) 
indicated the RGC was completely silenced soon after any electrical stimulation. Extending the 
time scale of Figure 5.12, we saw a cleft (Figure S.13B indicated by the arrow ~), which 
suggested that the activity of the RGC was suppressed after electrical stimulation and then the 
spontaneous spiking recovered later (Figure 5.l3B). By contrast, Figure 5.13A shows no cleft. 
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Figure 5.13 Correlograms of the two examples compared. These are the same correlograms in Figure S.11B and 
Figure S.12B respectively, except the time scale has been extended to lms . A) High corre lat ion example, the 
correlation coefficient s are pretty much 'mirrored' abut O lag time. B) Low correlat ion example, the RGC was 
almost completely silenced for 15 ms (see Figure S.12B for details), and then sp iking gradually recovered post-
stimulus . The cleft ("'7 ) where the arrow is pointing suggests that the act ivity of the RGC was suppressed . 
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By taking a closer look at the correlograms of the examples, we found that the 
correlations were low after 2 ms (Figure 5.14}. That suggested the spikes that were found 2 ms 
after each stimulus were probably not electrically evoked. 
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Figure 5.14 Correlograms of the previous examples at a finer time scale. In both cases, the correl at ion s w ere 
reduced to near zero at 2 ms. A) From Figure 5.13A, and B) From Figure 5.13B. 
The maximum spike frequency found in the dataset for all LRs was 328.8 Hz, which was 
close to the maximum spike frequency (325.9 Hz} found by intracellular stimulation for all cat 
RGC types at room temperature (O'Brien, lsayama, Richardson, & Berson, 2002} . We did not 
examine the maximum spike frequency of the RGCs activated by extracellular electrical 
stimulation. Based upon the maximum spike frequency, the RGCs were apparently only 
capable of generating another spike after approximately 3 ms. In the correlogram , albeit that 
the chance of having two spikes within any bin (1 ms) is very low. The correlation in each bin 
was relatively independent, thus we took the mean correlation coefficient from lags Oto 2 ms 
to represent the overall resemblance of the SR and the ERs (Table 5.3). 
Table 5.3 Correlation coefficients of the SP and the ERs, averaged for lags between O and 2 ms . Values are means 
(standard deviations}, the maximum mean cor relation value is 1. 
Type Grating V ideo 
ON - BT 0.581 (0.239) 0.649 (0.262) 
OFF- BT 0.850 (0.254) 0.861 (0.212) 
ON - BS 0.318 (0.178) 0. 336 ( 0. 200) 
OFF- BS 0.397 (0.210) 0.380 (0.185) 
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Among the different groups, t-tests showed that there were statistically significant 
differences between the ON-BT and ON-BS correlations (Grating : p=0.036; Video : p=0.00736), 
OFF-BT and ON -BS (Grating: p=0.0038; Video: p=0.00129), OFF-BT and OFF-BS (Grating : 
p=0.0294; Video: p=0.0055). Moreover, there was also statistical significance between the 
overall BT and BS groups (Grating: p=0.0014; Video : p=0.0001). 
We next scrutinized the histograms of the correlation coefficient for both the ER mg 
(n=26, some moving grating stimulations were not included from the early experiments) and 
ER nv ( n=33) (Figure 5.15 ). From the histograms, the RGCs with relatively higher correlations 
were mainly BT RGCs. By contrast, those with lower correlations are mainly BS RGCs. In 
between the high and low range was a mix of all RGC types except the OFF-BT RGCs. 
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Figure 5.15 Histograms of the correlation coefficients (xcorr) of the RGCs. A) xco rr results comparing th e light-
elici ted respon ses {LR) and the electri cally-evo ked responses (ER ) from th e movi ng grating t est . B) xcorr resul t s 
comparing the LRs and the ERs from the natura list ic v ideo tests . The maj or ity of RGCs t ha t had relatively high xcorr 
we re BT RGCs . By contrast, t he RGCs w ith t he lowest xco rr we re BS RGCs . 
5.5 Discussion 
The overall low recording success rate was mainly due to surgical difficulties early on in 
the study and th is was later improved . The remova l of the vitreous body tends t o have a 
substantial impact on the healthiness of the RGCs (diminished gas exchange of oxygen etc. ) and 
for effective patching. Since more than half of the t issue came from an ima ls afte r exper iments, 
plus extra transportation time, the quality of the t issue was also less than opt im al. 
Nevertheless, there weren ' t any obvious ly d ifferences betwee n Groups A and B. 
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5.5.1 Species mismatch 
Evaluation of the responses of cat RGCs by projecting human saccadic video projection 
onto the cat's retina may represent a significant species mismatch. Compared to humans, the 
cat's saccade amplitude ("'15°) is about 3-fold larger; the cat's fixation duration ("'130 ms) is 
about 3 times longer; and the peak saccadic velocity ("'150 °/s) is about 50% slower 
(Crommelinck & Roucoux, 1976; Evinger & Fuchs, 1978; Moeller, Kayser, Knecht, & Konig, 
2004). The most critical issue is probably the spatial resolution and cell type distribution, in 
which cat("' 8 cycle/°) is much poorer than human ("' 60 cycle/°) {Cleland, Crewther, Crewther, 
& Mitchell, 1982; Kaplan & Benardete, 2001). Moreover, there may be relatively more W-cells 
in cats. However, the receptive field organization of the two species seems similar, and it was 
expected that the characteristics of the RGCs are closely correlated (Enroth-Cugell & Robson, 
1966). Nevertheless, it might be more suitable to use a cat saccadic video instead, or perhaps 
convert the human-seeing images to suit the cat's eye/brain. 
5.5.2 Temperature effect 
The rate of oxygen demand is important for the cat retina; it is as important as for the 
brain. We tried to use ch ii led solutions for transportation in order to slow down the 
metabolism, but the result was negative. For example the retinas from some of these Group-A 
cats were somewhat shrunken by the time we got them back to the lab. Therefore, we left the 
solutions at room temperature, except during experiment when the solution was maintained 
at "'34°C. The experiment temperature ("'34°C) is lower than the normal cat body temperature 
{"'38°C), which has some influences on the spike generation mechanism. However, while the 
rates of both sodium ion channel activation and inactivation are dependent on temperature, 
the respective Q10 coefficients (a measure of a 10 °C change in a biological system) are 
sufficiently closely matched to permit spike generation and propagation to occur over the 
range from 20 to 37 °C {Schwarz & Eikhof, 1987) . The effect at the lower end is probably 
greater (see Chapter 3 Discussion) but at the higher temperature end might be minor. 
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5.5.3 Classification 
The area centralis was located readily because the density of RGCs in this region was 
clearly noticeable under the microscope with the aid of acridine orange . Selections of the 
RGCs were based on the estimated soma sizes. The putative alpha and beta cells were larger 
than the other types of RGCs. The beta cells can also be recognised easily because they were 
arranged in a closely packed pattern in the retina. Away from the area central is, the soma size 
differences were more obvious. We tried to support the classification from two known 
intrinsic properties of the RGCs. In a related study (O'Brien, et al., 2002), the spike widths and 
the input resistances were measured at room temperature, and those for alpha and beta cells 
were different from the other RGC types. In this study, those two intrinsic parameters were 
used as references. However, we were aware that they can be remarkably different at 
physiological temperature (on the order of twofold in rat RGCs, see Chapter 3). Compared to 
room temperature, at physiological temperature the increased thermal energy will certainly 
enhance the diffusional movements of ions and thus change the intrinsic properties of the 
RGCs. A comparative study of cat RGC intrinsic properties at physiological temperature might 
facilitate future studies. The cells (n=33) in this Chapter were collected from the area centralis. 
On the other hand, the values (n=77) reported in O'Brien et al. (2_002) spanned the entire 
retina, and the ON and OFF RGC types were combined in each of the alpha and beta cell types . 
Therefore, the results might have some statistical differences. In addition, the expedient 
transient vs. sustained classification used here is not conventional. There is an extra step to 
superimpose the brisk/sluggish dichotomy on the sustained/transient dichotomy according to 
the Cleland and Levick (1974) but might not be suitable for our protocols. Ideally, all the RGCs 
should be filled and indentified anatomically. 
Nonetheless, our target area for implanting prostheses is the macular region . We are 
therefore more interested on the responses of the RGCs in this region where RGCs are densely 
packed. The primary goal of this study was to look at the capability of reconstructing the LR of 
the RGCs by electrical stimulation. The video simulated saccadic eye movements, which 
provided a background imitating the normal natural scene viewing conditions. The responses 
of the RGCs were complicated since the stimulating electrode will non-physiologically activate 
a population. of RGCs. The target RGC and its neighbours would be all activated at once, and 
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the network consequences were unknown. It was unrealistic when both the ON - and OFF-
systems were activated by the electric stimulation simultaneously. The periphery effect (W. R. 
Levick, Oyster, & Davis, 1965; M cl lwa in, 1966) was also substantially neglected, especially 
when we explored only the central area of the retina with light stimuli. 
5.5.4 light stimuli 
The generated light stimuli may have been rather strong, especially given that the lens 
was focused on the photoreceptor layer to elicit a more robust responses. Therefore they 
were likely to produce strong activity in the automatic gain control and shift effects in the inner 
and outer plexiform layers. These are not directly experienced in vision because they operate 
automatically and are not controllable directly. Indirectly, they can be experienced as transient 
'after-images'. 
Of all the properties studied, the one that carried the greatest certainty was the ON-
centre or OFF-centre characteristic of the receptive field. The mapping of the surround was 
skipped in order to speed up the overall analysis process. Some of the phasic and tonic spike 
firing patterns were distinguishable for identifying the type of the RGC. We could not clearly 
see the dendritic patterns during the experiment. Therefore it was preferable to categorize the 
recorded RGCs into the four groups based on their receptive field properties rather than using 
the alpha vs. beta terminology. 
5.5.5 Maintained discharge 
Maintained discharge arises in discussions of visual responses in two main contexts . In 
the first, it is supposed that there is simply a constant additive excitatory noise source inherent 
in the process of combining synaptic input from the region covered by the dendritic tree. This 
is the context assumed in the present work. An alternative context is to suppose that the 
maintained discharge is the end-point result of transduction of the inherent Poisson noise of 
the light stimulus itself, after processing by automatic gain control and shift effect in the outer 
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and inner plexiform layers have been applied. In this view, the noise is a transformed, 
irreducible remnant of the original stochastic photon rate that encoded the imposed signal 
light. At the RGC level, the signal is spl it between the ON- and OFF-systems: the ON-system 
represents increments above the ambient background (roughly, the mean illumination of the 
scene); the OFF-system represents decrements below the ambient background. In this second 
context, the noise is not simply an additive constant. It is an inherent component of the signal. 
How it should be formulated is still not experimentally resolved. 
The analysis is an attempt to develop an empirical approach to divide the spikes of the 
discharge into two sets: those ostensibly elicited by the transitions of the light stimuli where 
bursts of spikes were common, and those supposedly associated with the 1maintained 
discharge 1 and therefore governed by the Gamma densities of inter-spike intervals (see 5.3.7 .6) . 
Published examples of interval histograms of a spike discharge elicited by a periodically flashing 
light have been presented by Ogawa et al (1966) (e .g. their Fig. 8) (Ogawa, Bishop, & Levick, 
1966) . They are typically bimodal or multimodal for frequencies of flicker below the 1Critical 
Fusion Frequency1. The short interval peak corresponds with the bursts at transitions of the 
light stimulus . The long interval peak corresponds with the gap in the discharge at the 
1inhibitory 1 transition of the light stimulus coupled with the slow recovery of the maintained 
discharge. This demonstration supports the idea of an empirical 1filter ing 1 procedure for 
remov ing the maintained discharge. 
The main rationale for removing the ma intained discharge is as follows . The goal is to 
test the accuracy of the electr ically-driven vers ion of the natural vision pattern aga inst the 
origina l light-dr iven vers ion by us ing the method of cross-correlation of the two sp ike-train 
instan ces . The power of the test is increased by stripp ing off the 1mainta ined 1 sp ikes that are 
cons idered to be independent of the phot ic-forc ing st imulus. 
5.5.6 Uniqueness of encoding 
We represented the sp ike tra in of the LR us ing t he spontaneous sp ike t ime 
character ist ic (t mistd, see sect ion 5.3.7 .8). In th is way, we reduced the 1no ise ' but at the same 
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time we might also have lost some visual information. One interesting thing is, when the same 
light stimuli are repeated, the RGCs do not generate 'exactly' the same LR. The time for the 
burst may be nearly the 'same'. However, the individual spike times within the burst are 
slightly different every time. If the RGCs convey the same stimuli with the same set of coding 
methods, then the LR should be unique (Troy, 2012). Clearly, this is not borne out by a 
sufficiently fine temporal analysis . The unexpected timing variations observed actually lend 
support to the notion that the 'noise' component of the discharge is a reflection of the 
inherent noise embedded in the light stimulus itself, even at photopic levels (Barlow, 1958}. 
The brain can decode these spikes with variances and understand them, which 
suggests that there is some kind of fuzzy method of communication between the retina and 
the brain. The communication between the retina and the brain is not a one-to-one 
correspondence. Even with the same stimulus, each time responses of the RGCs will not be 
exactly the same. The brain can still 'see' the same object with the non-exact information 
provided by the RGCs. That is to say that the brain is specifically tuned to the output from the 
RGCs during retinal development. If the electrical stimulation forces the RGC to produce a 
more 'regular' spike trains and disturb the rest of the retinal network, can it be understood by 
the fine-tuned brain? Nevertheless, th is might a II suggest that we shou Id perhaps generate 
stochastic stimuli based on the statistics of a collection of LR responses to repeated 
presentations of same stimulus train, rather than cull presumed noise spikes as a way of 
generating realistic LRs and SPs. 
5.5. 7 Electrical stimulation 
There were imperfections in our electrical stimulation as well, especially when both ON 
and OFF pathway were unavoidably stimulated simultaneously. This could be improved by 
increasing the selectivity of the stimulating electrode. The stimulating electrode we used here 
is still under development for use in retinal prostheses. 
We were able to replicate the ER in some RGCs but we do not know what the result 
w ill represent when it reaches the brain . What we wanted to achieve is to understand the 
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responses of different types of RGC under electrical stimulation so that we can devise a 
conjugate stimulation strategy. As long as we can get a single RGC of some kind under full 
control from a single stimulus, we should be able to improve the overall quality of any 
prosthesis when we expand to M EA stimulation. 
5.5.8 Biphasic pulse parameters 
One critical component for this study was setting the optimal parameters of the 
biphasic pulse. We used asymmetric charge balanced biphasic pulses to construct the SPs. 
With the four possible setups, we picked the cathodic phase first, followed by a short period of 
IPI and then an anodal phase last. The durations were set to constants so that we only varied 
the current amplitude. At this point we do not know which setup is the most efficient to 
activate the RGCs safely. The physical properties and the placement of the stimulating 
electrode used have some critical effects. As we tested the impedance of the N-UNCD 
electrode on every experiment, we found that the electrode degraded substantially in a few 
days. We had to discard data from some of the patched RGCs because they could not evoke 
spikes at the maximum extracellular stimulation output current (1 mA) . Most of these RGCs 
spiked normally under intracellular stimulation. The RGCs reported here were those for which 
we completed all the experimental protocols with minimal deterioration of the quality of the 
stimulating electrode and with reasonable homogeneity of the cells' performance. 
In the present chapter, the SP10 procedure was utilized to find the efficacy curve so as 
to determine lmax and tdelav· These two parameters were used to set up the other SPs. There 
were RGCs (n=8; 2 ON-BT; 3 ON-BS; 3 OFF-BS) that were not able to give 100% efficacy even at 
the maximum per stimulus current of 1 mA. These were not discarded because they still 
passed !thresh to 67.5% efficacy. Not surprisingly, their LR/ER correlations were low 
(grating:0.245 ± 0.124; video:0.245 ± 0.115) . The study of the inhibition in Figure 5.12B (the 
silenced period) and 5.138 (the cleft) indicated that the handicapped efficacy probably wasn't 
due to the current not being large enough to evoke a spike. Instead, the cells were indeed 
inhib ited for unknown reasons . Note that none of the OFF-BT RGCs had this prob lem . We 
suspect that-the inhibition might be type or connection related. 
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5.5.9 Adaptation issues 
Although it was already known that the RGC activation thresholds vary w ith different 
st imulat ion frequencies (Cai, et al. , 2011), we did not develop a dynamic scheme to change the 
parameters for different sections of the LR that had different firing rates . This situation was 
actually more complicated than first expected . We tried stimulating the RGCs (those that after 
the regular protocols were still responding robustly) with different frequenc ies (50, 100, 200, 
400 Hz) for a short interval (20, 40, 80ms) . Two unexpected effects were observed for 14 of 
the 33 cells here and so some additional experiments were done after the standard protocol 
was completed. One was the occurrence of a 'suppression interval ' after the stimulation ; the 
other was a 'delayed adaptation ' of the firing rate. The suppression interval increased 
proportionally with the stimulus frequency. In other words, the higher the stimulus frequency, 
the longer the time for the spikes to reappear after the stimulation. The 'delayed adaptation ' 
of the firing rate (Figure 5.16) occurred some time (rv5s) after the completion of the high 
frequency (400 Hz) stimulation. The firing rate slowed down for approximately five seconds 
and then returned to normal. We confirmed these observations in 14 RGCs, and all showed 
the same changes in their responses. However, the additional experiments were performed on 
RGCs after the regular (2-hour plus) electrical stimulation experiment on top of the cu lture 
t ime, and hence, the RGCs may not be in their best condition. Besides, the addit ional protoco l 
took at least 1.5 hours to comp lete, which would have adversely affected the regu lar 
exper iment if it were done first . Though no conc lus ive results cou ld be drawn at th is stage, t he 
phenomenon is worth ment ioning . 
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Adaptation after stimulation 
0 5 10 15 
Time (s) 
Figure 5.16 The adaptat i·on eHe.ct aher high freq uency sti.mu lation (unpublished). In this example the electrical 
stimulation frequency was 400 Hz., and the duration of stimulation was 80 ms. The firing rate after the stimulation 
increased for about 300 ms and then returned to norma l. Five seconds after stimu lation the firing rate of the RGC 
rapidly slowed down for about five seconds . Afterwards the firing rate slowly returned to normal. This experiment 
was performed on a RGC after the regular protoco l. The peak of the sp ike overshoot was reduced to about -20 mV 
from over O mV (at the beginning of the regular experiment). 
In this study, we used retinas from healthy animals. The spike train formation of a 
single RGC is a combinatorial action of the retinal network rather than a single response on its 
own. The naturally formed LRs were due to different inputs, for example, the inputs from the 
bipolar cells and the amacrine cells. In some cases, the SPs successfully evoked quite accurate 
reconstructions of their LRs. We do not know that the visual information contained in this 
single spike train can be represented in the brain correctly without the information from the 
other neurons in the network. Certain ly, we can see the effect of the u nsuccessfu I cases, 
where the RGCs were inhibited by the realistic SPs instead of being excited. As shown in Table 
5.3 these cel ls d id not follow SPs for gratings drifted at supposed ly near opt ima l spatial and 
temporal frequencies. These resu lts were probably due to the effects of the in appropriate 
activation of the surround ing neurons by the rather gross SP st imul ation . In a degenerated 
retina, the consequences of these effects are still unknown to us. Perhaps the effects would be 
less in a poor ly interconnected degenerate retina, but this is comp lete ly unknown. The 
pfasticity of the bra in might allow it to est imate bounds on the range of responses that may be 
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accepted as a valid representation of the particular event that occurred in the external world, 
giving rise to the particular set of responses that are experienced. 
5.5.10 Correlations 
The results we found to broadly agree with those that have been reported earlier: the 
BT RGCs seem to be able to follow SPs having high stimulation rates (up to 600 Hz), and the BS 
RGCs could not (failing from 200 Hz and up). Some BS RGCs followed every other pulse; some 
generated a few consecutive pulses then no responses as previously reported (Cai, et al., 2011). 
The correlogram is a simple and powerful tool to analyse the temporal structure of two spike 
trains. We use it to evaluate the degree of match between the ERs and the LRs. We can simply 
interpret the results from Table 3 and visualizing Figures 5.12 and 5.13: highly correlated 
indicates a good match, poorly correlated is a bad match. The correlation coefficients among 
the different types of cells were from as low as 0.071, to as high as 1. The abstract values 
depend on the bin size. We knew that the latency jitter was within a millisecond period (Table 
2). Perhaps we can investigated the short and long latency components in the future (Jensen, 
Ziv, & Rizzo, 2005). 
As expected, some RGCs were capable of replicating their LRs. We are more interested 
as to why some of them could not. In Figure 5.1 2B and 5.13B, the silenced period and the cleft 
indicated there are some critical events which lead to inhibition. This unknown inhibition 
mechanism might be the reason for some of the medium level correlations showed in Figure 
5.15 as well. The causes are most likely a combination of the activation of other retinal 
neurons, stimulus parameters, and electrode properties. Interestingly, the OFF-BT RGCs gave 
the best performance among all the RGCs and the current required (l max ) to fully activate them 
was also the least (Table 2). The lower currents would mean less costimulation of other cell 
types. If we can fully control the OFF-BT RGCs, we certainly can come up with a better stimulus 
strategy. In other words, it may be possible to form a phosphine-based image with better 
quality by just using the OFF-BT RGCs. 
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There were two main objectives in this thesis covering basic and applied science 
research on retinal ganglion cells (RGCs). The first objective was to understand the physiology 
of the RGCs starting with the investigation of 8 intrinsic properties of the 16 defined rat RGC 
types (Chapter 2). The work was then extended to the disclosure of the hidden information 
(variables) in the action potentials (spike), in which spike waveforms, their phase plots, and 
their associated derivatives were analysed (Chapter 3). The second objective was to discover 
information to aid in the design of visual prostheses to permit people to recover from 
blindness. That task began by evaluating whether the RGC activation threshold varies 
depending upon whether the electrode was placed above or below the inner limiting 
membrane (ILM) in rat retinas (Chapter 4). The core work on vision recovery was done on cat 
retinas by reproducing the RGC light-elicited responses (LRs) with electrical stimuli (Chapter 5). 
The mammalian retina contains many different RGC types, each of which has its unique 
functional role for encoding different aspects of the visual scene. Each cell's intrinsic 
properties are defined by its morphology and membrane characteristics, including the 
complement and localization of the ion channels expressed. There were two major findings in 
Chapter 2. The first finding was the diversity of the intrinsic properties among different RGC 
types. Rat RGCs exhibited a wide variety of intrinsic physiological properties that were 
correlated with their morphological type. Statistically significant differences among RGC types 
were found on both passive (threshold, input resistance, time constant) and active properties 
(spike width, maximum and steady state frequency, frequency adaptation index, anomalous 
rectification). When RGCs were grouped according to their dendritic stratifications (INNER, 
OUTER, BISTRAT), we found clear differences between OUTER and BISTRAT cells for most of the 
intrinsic variables. 
Different retinas have developed during evolution but the sole purpose of vision is 
similar, which is to survive. The anatomy of retinas are diverse, however, they all at least have 
the same rudimentary functions such as to detect contrast, colours and motion in order to find 
food and avoid predictors. Therefore, we suspected that the morphologically homologous RGC 
types in different species might be functionally similar, hence have conserved intrinsic 
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properties. The second finding was the conservation of the intrinsic properties between the 
morphological hornologs in rat and cat RGCs. We found the rat A2 cells exhibited nearly 
identical patterns of intrinsic properties to the cat alpha cells, whereas rat D2 cells have very 
different patterns than the putative cat homolog, the iota cell. Rat B2 cells and beta cells were 
somewhat in between despite their morphological resemblance. Nonetheless, we are not 
satisfied with the RGC classification by only the morphology identification or with the intrinsic 
properties alone. Perhaps a better way to identify RGCs is to find their genetic nametags 
(Siegert et al., 2009). 
RGCs communicate using spikes, therefore spike waveforms and spike firing patterns 
are informative. Spikes are initiated in the axon initial segment that contains a heterogeneous 
collection of voltage-gated ion channels. In Chapter 3, we extended the studies from the 
previous chapter by examining details of the spike waveform dynamics. Spike shapes give us 
an insight into the independent information of the RGCs. Along with the first and second order 
derivatives of the membrane potential vs. time plots, we assessed the effect of trans-
membrane properties by examining 5 parameters. The phase plots showed us the change of 
the membrane potential due to specific membrane voltage by examining another 6 parameters, 
and provided evidence of the existence of axonal and somatic spikes in the two-hump phase 
plots. We used a principal component analysis based factor analysis to study the 11 
parameters, and concluded that a four-factor model is possibly adequate for RGC classification. 
The correlations between the four factors and the original variables provide some evidence as 
to what parameters one might measure in future to achieve better classification, or at least 
identify which intrinsic variables are not useful. 
The parameters in Chapter 2 and 3 (total 19) were used for RGC modelling (not 
reported here). Together with the 3-D RGC images (from Chapter 2), they might be useful for 
more advanced RGC classifications (not reported here). We were aware of the temperature 
effects, which affected the kinetics of the RGC responses. The rat data were acquired at room 
temperature, so that we could compare with the previously published cat intrinsic data 
(O'Brien, lsayama, Richardson, & Berson, 2002) . After the regular protocols were completed, 
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the experiments in Chapter 2 were repeated with the temperature increased to "'33 °C in 18 
RGCs (unpublished data), and the influences were up to 2-fold. As the dataset expands in the 
future, we can have a better assessment of the temperature effect. 
Then we moved on to the engineering part of this thesis. We would like to learn more 
about the stimulus environment (i.e. the inner retina) for the design of an epiretinal prosthesis. 
Chapter 4 was a transitional chapter where we studied the stimulating electrode positions and 
worked on comparing preparations for the final chapter. First, we wanted to know the 
variances of the activation threshold in two extracellular stimulating positions: one was at the 
surface of the inner retina (above ILM) and the other was minimally penetrating into the retina 
(below ILM). We found that the threshold stimulus amplitudes were lower when the electrode 
was placed below the ILM, compared to above. However, the median thresholds between 
those two positions have no significant difference. In addition, we noticed that the relation 
between the orientation of the stimulus bipole and the direction of the target RGC's axon is a 
critical factor that affected the threshold. Furthermore, we observed two spikes being evoked 
by a single biphasic impulse, which was different from the usual 1-stimulus-1-spike scheme. It 
is possible that the second spike was 'reflected' from the damaged en-ds of some of the axons, 
unfortunately we only have circumstantial evidence. If that was the case, the 
damaged/unhealthy RGCs might respond inconsistently to the electrical stimulation of the 
prosthesis. That will increase the difficulty of obtaining precise temporal electrically-evoked 
responses (ERs). 
There were many decisions to make (some with no choices) before the final mission of 
studying vision recreation in Chapter 5. We chose cats as our model because we knew quite a 
few things about cat retinas and RGCs; for example, the well-established receptive field 
properties. It might not be the ideal preparation for a human retinal prosthesis but the cats 
were the best available model at that time. In addition, we sacrificed fewer animals by 
obtaining the retinas from other labs after their experiments. The choice of micro-scale 
nitrogen doped ultra-nanocrystaline diamond (N-UNCD) electrodes instead of other types of 
commercially available electrodes was because our collaborators are planning to use the N-
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UNCD electrodes in an implant. The effectiveness of the N-UNCD electrodes was not discussed 
in this thesis but we suspect that some of the results might be disturbed by the deficiency of 
the electrodes, which proved to be quite easily damaged. 
The idea of a retinal prosthesis is to help people recover vision from blindness, 
especially those suffering from retinitis pigmentosa, by making use of the surviving retinal 
neurons. The goal of chapter 5 was to replicate the LRs produced by assorted light stimuli : 
standing contrasts, moving gratings, and naturalistic videos that comprise saccadic eye 
movements . We constructed the stimulus patterns (SPs) with a train of asymmetric charge-
balanced biphasic pulses according to the spike times of the LRs. To find the optimal 
parameters of the biphasic waveform is a difficult task since the performance depends on 
many factors, such as the biophysics of the target RGC, the orientation of the axon, and the 
healthiness of the tissue at the stimulus location. Therefore we set the phases of the cathodic 
first biphasic pulse and its interphase interval to fixed durations, but made the current 
amplitudes of the phases variable in a 4 to 1 ratio to maintain net zero charge. We evaluated 
the results by finding the cross-correlations between the SPs (essentially the LR) and the ERs of 
each RGC recorded. Our data suggested that, the brisk-transient (BT) RGCs were more capable 
of reconstructing the LRs than the brisk-sustained (BS) RGCs. There was a statistically 
significant difference of the following competency between the BT and BS types. The OFF-
centre BT RGCs had the best performance 
For those RGCs with low performance, 8 RGCs failed to evoke 100% efficacy during the 
preliminary 10-pulse stimulation tests . By examining the raster plots, we noticed that these 
RGCs were not just incapable of evoking spikes, they were almost completely inhibited by the 
electrical stimulation for unknown reasons. We speculate that this was due to mass activation 
of many cell types at once . Another possibly related observation was that of the postponed 
firing adaptation . This requires further study but in 14 RGCs, this adaptation appeared 
consistently after high frequency (400 Hz) stimulation (unpublished data) . The firing rate 
reduced approximately 5 seconds after the stimulation, and continuing to slow down for 
another 5 seconds and then gradually recovered. The cause of that adaptation phenomenon is 
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uncertain. One possibility is that the electrical stimulation activated the rest of the retinal 
neurons, such as the amacrine cells and the bipolar cells, hence indirectly altered the RGC 
responses. Perhaps in later experiments we can try dual patching of abutting BT and BS RGCs, 
and compare their concurrent ERs under approximately the same SP. 
We are interested in implanting a prosthesis onto the high visual acuity area (fovea), 
therefore the size of any multi-electrode array (MEA) is restricted. The spatial resolution of the 
artificial vision is in general proportional to the square root of number of electrodes in the MEA, 
and also the selectivity of the electrodes (slightly better for hexagonal arrays (Mersereau, 1979; 
Petersen & Middleton, 1962)). An ideal stimulus strategy is to have one electrode that 
stimulates one (and only one) RGC and produces one output to the brain. This is not practical 
as we have "'l.2 million RGCs in the human retina, and their receptive fields are overlapping 
with each other. Each electrode covers thousands of RGCs (i.e. low selectivity). However, 
since we are dealing with degenerate retinas, we can only make use of the surviving RGCs. It 
was suggested that a 25 by 25 MEA is good enough to form a recognisable pixelated image 
(Cha, Horch, & Normann, 1992). For each electrode in the MEA, perhaps we can target the 
more controllable/capable BT RGCs to output our desired spike trains, and form a fully 
configurable phosphene-based image in the brain? That image will probably contain 'noise' 
generated from the rest of the surrounding RGCs but the image should be dominated by the 
outputs of the target RGCs. Just a thought. 
There are other interesting vision recovery approaches, not investigated here but 
worth mentioning. One of these is to replace the photoreceptors with stem cells. This 
technique has been studied in animal models (Ali et al., 2000; Canola et al., 2007; Lamba, Gust, 
& Reh, 2009}. Such an approach preserves the signal processing within the retina, however, it 
is not yet determined if the newborn photoreceptors connect to the appropriate secondary 
neurons (horizontal cells and bipolar cells). Another issue arising from this approach is the 
consequential degeneration of retinal circuits after the loss of photoreceptors. Some of the 
' 
retinal circuitry might be disconnected (Marc, Jones, Watt, & Strettoi, 2003}. 
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Another way is to activate the remaining intact RGCs directly is by delivering proteins 
that act as light-gated ion channels onto the target RGCs, a method employing both integrated 
optics and genetics called optogenetics (Miesenbock, 2011; Zhang et al. , 2010}. The proteins 
will act as artificial light-gated ion channels, which can be activated by specific wavelengths of 
light and allow exchange of ions in or out of the neurons (Boyden, Zhang, Bamberg, Nagel, & 
Deisseroth, 2005) . Thus, the neurons can be excited or inhibited by light, depending on what 
kind of protein is delivered to them. Some researchers have started to develop optogenetics 
tools to make the RGCs become photosensitive and controllable by specific wavelengths of 
light (Busskamp, Picaud, Sahel, · & Raska, 2011; Cronin & Bennett, 2011; Deisseroth, 2011; 
Grossman et al., 2009; Thyagarajan et al., 2010). 
The diversity of the RGC types and the low selectivity of the MEA limits the spatial 
resolution of phosphene-based images in the currently proposed generation of electrical 
retinal prostheses. With the aid of optogenetics, perhaps we can focus on just one type of 
retinal neuron. Besides BT RGCs, another suitable candidate might be the A-II amacrine cells 
(personal communication with Professor William Levick, based on Professor Heinz Wassle's 
talk). Targeting the A-II amacrine cells has some advantages since they are set up with a pre-
wired push-pull output to the inner plexiform layer: the excitatory output goes through the 
ON-cone-bipolar synapses to the ON-centre RGCs, and the simultaneous inhibitory output 
inhibits the OFF-cone-bipolar synapses that drive the OFF-centre RGCs. Th is preserves the 
natural push-pull output of the RGC layer and covers both the ON and OFF pathways . 
Fu rthe rm ore, there a re many more A-11 a macrines that can be tra nsd uced by a targeted virus 
vector than the relatively few RGCs of a particular sub-set (Auricchio et al., 2001; Hellstrom & 
Harvey, 2011}. So the resulting photosensitivity would have a much greater effect on vision, 
and effective photic stimulation would be well below the damage threshold. The topographic 
resolution of the A-II amacrine population is potentially finer than that of the RGC arrays as 
well. 
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